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DESCRIPTION 

MAGNETORESISTIVE ELEMENT AND MAGNETORESISTTVE 
MAGNETIC HEAD, MAGNETIC RECORDING APPARATUS AND 
MAGNETORESISTTVE MEMORY DEVICE USING THE SAME 

5 

He^aisal Eteld 

The present invention relates to a magnetoresistive element 
(abbreviated to "MR element" in the following) and magnetic devices using 
the same. The MR element of the present invention is particularly suitable 
10 for a magnetic recording/reproducing head for reading information from 

media, such as magnetic disks, magneto-optical disks and magnetic tapes, a 
magnetic sensor used in automobiles or the like, and a magnetoresistive 
memory device (i.e., a magnetic random access memory, abbreviated to 
"MRAM" in the following). 

15 

Background Art 

A multi-layer film in which at least two magnetic layers and at least 
one non-magnetic layer are stacked alternately can provide a large 
magnetoresistance effect, which is called a giant magnetoresistance (GMR) 

20 effect In the multi-layer film, the non-magnetic layer is positioned 
between the magnetic layers (Le., magnetic layer/non -magnetic 
layer/magnetic layer/non-magnetic layer/ ...). The magnetoresistance effect 
is a phenomenon of electrical resistance that changes with a relative 
difference in magnetization direction between the magnetic layers. 

25 A GMR element uses a conductive material such as Cu and Au for 

the non-magnetic layer. In general, current flows in parallel to the film 
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surface (CIP-GMR: current in plane-GMR). On the other hand, a GMR 
element that allows current to flow perpendicular to the film surface is 
called CPP-GMR (current perpendicular to the plane-GMR). The 
CPP-GMR element has a larger magnetoresistance change ratio (MR ratio) 
and a smaller resistance compared with the CIP-GMR element. 

A spin-valve type element, which is one of the GMR elements, does 
not require a large operating magnetic field. This element includes a free 
magnetic layer (a free layer) and a pinned magnetic layer (a pinned layer) 
that sandwich a non-magnetic layer. The spin-valve type element utilizes a 
change in a relative angle formed by the magnetization directions of the two 
magnetic layers caused by magnetization rotation of the free layer. 
Examples of the spin-valve type GMR element include an element that uses 
Fe-Mn, which is an an tif err om agne tic material, for a magnetization 
rotation-suppressing layer and stacks this layer on an Ni-Fe/Cu/Ni-Fe 
multi-layer film. Though this element requires a small operating magnetic 
field and is excellent in linearity, the MR ratio is small. Another spin-valve 
type GMR element has been reported that uses a CoFe ferromagnetic 
material for the magnetic layer and PtMn and IrMn antiferromagnetic 
materials for the antiferromagnetic layer, thereby improving the MR ratio. 

Tb achieve an even higher MR ratio, an element that uses an 
insulating material for the non-magnetic layer has been proposed as well. 
The current flowing through this element is a tunnel current, which is 
transmitted stochastically through an insulating layer. The element 
(referred to as a TMR element) is expected to have a large MR ratio as the 
spin polarization of the magnetic layers that sandwich the insulating layer 
increases. Accordingly, a magnetic metal, such as Fe, Co-Fe alloy and 
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Ni-Fe alloy, a half-metallic ferromagnetic material, or the like is suitable for 
the magnetic layer. 

When an MR element becomes progressively smaller with an 
increase in recording density of a magnetic head or MRAM device in the 
5 future, the MR element is required to have an even larger MR ratio. 

To provide a large MR ratio in a device, the MR element also needs 
to have suppressed degradation of the characteristics by heat treatment. 
The manufacturing process of a magnetic head generally includes heat 
treatment at temperatures of about 250°C to 300°C. For example, there 

10 have been studies on an MRAM device that is produced by forming a TMR 
element on CMOS. In such a CMOS process, the heat treatment at high 
temperatures of about 400°C to 450°C is inevitable. Though the reason for 
degradation of the MR element by heat treatment is not clarified fully at 
present, diffusion of atoms into the interface between a magnetic layer and 

15 a non-magnetic layer may affect the degradation. 

Depending on a device to be used, care should be taken in working 
temperatures. When mounted on a hard disk drive (HDD), the MR 
element is required to have thermal stability at a temperature of about 
150°C, which is the operating temperature of the HDD. 

20 As described above, an element having a large magnetoresistance 

change ratio (MR ratio), particularly an MR element that can exhibit a high 
MR ratio even after heat treatment, is very important in practical use. 
However, a conventional MR element is insufficient to meet the above 
demand. 



3 
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Disclosure of the Invention 

Therefore, the present invention employs a ferromagnetic material 
M-X that includes a magnetic element M and a non-magnetic element X. 
An MR element of the present invention includes a multi-layer film 
5 including at least two magnetic layers and at least one non-magnetic layer 
interposed between the two magnetic layers. The resistance value changes 
with a relative angle formed by the magnetization directions of the at least 
two magnetic layers. At least one of the magnetic layers includes a 
ferromagnetic material M-X expressed by Mioo-aXa, specifically by Mioo - 
10 atoWa. 

Here, X 1 is at least one element selected from the group consisting of 
Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt and Au, X 2 is at least one element selected 
from the group consisting of Al, Sc, Ti, V, Cr, Mn, Ga, Ge, Y, Zr, Nb, Mo, Hf, 
Ta, W, Re, Zn and lanthanide series elements (elements of atomic number 57 
15 through 71), and X s is at least one element selected from the group 
consisting of Si, B, C, N, O, P and S. 

Also, a, b, c and d satisfy the following equations: 0.05 < a < 60, 0 < b 
< 60, 0 < c < 30, 0 < d < 20, and a = b + c + d. 

All the values used to indicate the compositions in this specification 
20 are based on atom% (at%). 

The MR element of the present invention can provide a large MR 
ratio. The reason for this is considered to be as follows: the addition of the 
non-magnetic element X causes a change in magnitude of a magnetic 
moment of a magnetic element, which leads to an increase in spin 
25 polarization, lb make this effect more conspicuous, it is preferable that a is 
in the range of 0.05 to 50, particularly in the range of 1 to 40. 
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The MR element of the present invention is excellent also in thermal 
stability. The reason for this is not clarified fully at present, but is 
considered to be as follows- the addition of the non-magnetic element X 
reduces the effect of atomic diffusion at the interface between a magnetic 
5 layer and a non-magnetic layer and thus stabilizes the interface. The MR 
element of the present invention is suitable for applications of various 
devices because of its excellent thermal stability. 

Brief Description of Drawings 
10 FIG. 1 is a cross-sectional view showing an example of a 

magnetoresistive element of the present invention. 

FIG. 2 is a cross-sectional view showing another example of a 
magnetoresistive element of the present invention. 

FIG. 3 is a cross-sectional view showing yet another example of a 
15 magnetoresistive element of the present invention. 

FIG. 4 is a cross-sectional view showing still another example of a 
magnetoresistive element of the present invention. 

FIG. 5 is a cross-sectional view showing yet another example of a 
magnetoresistive element of the present invention. 
20 FIG. 6 is a cross-sectional view showing an example of a 

magnetoresistive element of the present invention that differs from the 
above. 

FIG. 7 is a cross-sectional view showing an example of a 
magnetoresistive element of the present invention that includes a plurality 
25 of pinned layers. 

FIG. 8 is a cross-sectional view showing another example of a 



WO 02/088765 



PCT/JP02/04062 



magnetoresistive element of the present invention that includes a plurality 
of pinned layers. 

FIG. 9 is a cross-sectional view showing an example of a 
magnetoresistive element of the present invention in which a non-magnetic 
5 layer further is stacked. 

FIG. 10 is a cross-sectional view showing an example of a 
magnetoresistive element of the present invention in which an electrode 
further is provided. 

FIG. 11 shows an example of a shield- type magnetoresistive 
10 magnetic head of the present invention. 

FIG. 12 shows an example of a yoke-type magnetoresistive magnetic 
head of the present invention. 

FIG. 13 shows an example of a magnetic recording apparatus of the 
present invention. 

15 FIG. 14 shows an example of a magnetic memory device of the 

present invention. 

FIGS. 15A and 15B show examples of writing and reading 
operations of a magnetic memory device of the present invention. 

FIGS. 16A and 16B show another examples of writing and reading 
20 operations of a magnetic memory device of the present invention. 

FIGS. 17A and 17B show yet further examples of writing and 
reading operations of a magnetic memory device of the present invention. 

FIG. 18 shows the relationship between a heat treatment 
temperature and a standard MR ratio that were measured in an example. 
25 FIG. 19 shows the relationship between a Pt content and a standard 

MR ratio that were measured in an example. 
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FIG. 20 shows the relationship between a heat treatment 
temperature and a MR ratio that were measured in an example. 

FIG. 21 shows the relationship between a heat treatment 
temperature and a MR ratio that were measured in another example. 
5 FIG. 22 shows the relationship between a heat treatment 

temperature and a MR ratio that were measured in yet another example. 

FIG. 23 shows the relationship between a heat treatment 
temperature and a MR ratio that were measured in yet another example. 

FIG. 24 shows the relationship between a heat treatment 
10 temperature and a MR ratio that were measured in yet another example. 

FIG. 25 shows the relationship between a heat treatment 
temperature and a MR ratio that were measured in yet another example. 

FIGS. 26A and 26B are diagrams used to explain a shift magnetic 

field. 

15 

Best Mode for Carrying Ou t the Invention 

Hereinafter, a preferred embodiment of the present invention will be 
described. 

The non-magnetic element X should be classified into three types of 
20 X 1 , X 2 and X 3 , and used in an appropriate range that has been set according 
to each of the types. 

The non-magnetic elements X 1 are the platinum group elements (Ru, 
Rh, Pd, Os, Ir, and Pt), each of which has more outer shell electrons (d 
electrons) than Fe has, and Cu, Ag and Au, each having ten d electrons. In 
25 particular, the platinum group elements are characterized by showing 

remarkable magnetism when added to the magnetic element M and increase 
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the spin polarization compared with other elements. Therefore, they are 
advantageous in providing a higher MR ratio. Since the platinum group 
elements have a large atomic diameter and are stabilized chemically as well, 
they also are useful in achieving the device process stability in junction 
5 configuration of the MR element, i.e., higher thermal stability. 

The non-magnetic elements X 2 are transition metal elements, each 
of which has fewer outer shell electrons than Fe has. Even when these 
elements are added to the magnetic element M, the spin polarization can be 
increased to improve the MR ratio. 
10 The non-magnetic elements X 3 are non-metallic elements. The 

addition of theses elements to the magnetic element M allows the material 
to become microcrystalline or amorphous. When these elements are added, 
the MR ratio can be increased by a change in crystal structure, thus 
stabilizing the junction configuration. 
15 When the ferromagnetic material M-X includes at least one of X 1 

and X 2 (b + c> 0), an MR element having a high MR ratio can be provided. 
In particular, when it includes both X 1 and X 2 (b > 0, c X>), an MR element 
having a high MR ratio, excellent thermal stability, and controlled magnetic 
anisotropy can be provided. When the ferromagnetic material M-X 
20 includes at least one of X* and X» (b + d > 0), an MR element having a high 
MR ratio can be provided. In particular, when it includes both X 1 and X s (b 
> 0, d > 0), an MR element having a high MR ratio and excellent thermal 
stability can be provided stably and with good repeatability. 

The MR element of the present invention may be a spin-valve type 
25 element. The spin-valve type element includes a free layer and a pinned 
layer as the magnetic layers, and the magnetization of the free layer is 

8 
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relatively easier to rotate by an external magnetic field than the 
magnetization of the pinned layer. In this case, the ferromagnetic material 
can be included in at least one of the pinned and free layers. When the free 
layer includes the ferromagnetic material M-X, it is easy to improve the soft 
5 magnetic characteristics, e.g., to reduce a shift magnetic field of the free 
layer, and to suppress the degradation of the soft magnetic characteristics 
caused by heat treatment. When the pinned layer includes the 
ferromagnetic material M-X, the thermal stability of the MR characteristics 
is improved. Particularly, in a spin-valve film including an Mn-based 

10 antiferromagnetic material, the degradation of the MR ratio caused by 

impurity diffusion is suppressed. In a preferred embodiment of the present 
invention, a pinned layer including the ferromagnetic material M-X is 
deposited between an antiferromagnetic layer including Mn and the 
non-magnetic layer. This element can suppress the adverse effect of 

15 diffusion of Mn from the antiferromagnetic layer. 

The ferromagnetic material M-X also can improve the soft magnetic 
characteristics of the free layer. Specifically, the absolute value of a shift 
magnetic field of the free layer can be reduced to 20 Oe or less, particularly 
to 10 Oe or less. 

20 Here, a shift magnetic field is defined by 

Hint = (Hi + H2>/2 

where Hi and H2 (Hi > H2) are two magnetic fields indicated by the points 
25 on a magnetization-magnetic field curve at which the magnetization is zero. 
The curve shows the relationship between the magnetic field and the 
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magnetization when the magnetization of the free layer is reversed in the 
range of the magnetic field over which the magnetization of the pinned layer 
is not reversed. As shown in FIG. 26A, the shift magnetic field Hint is an 
index that represents the amount of shift of the magnetization-magnetic 
field curve 6.e., M H curve or magnetization curve). Similarly, as shown in 
FIG. 26B, the shift magnetic field Hint also can be obtained from two 
magnetic fields Hi, H 2 indicated by the points on a magnetoresistance curve, 
corresponding to the M-H curve, at which the MR ratio is reduced by half. 
The shift magnetic field is expressed by its absolute value in the following. 

The MR element of the present invention may further include an 
antiferromagnetic layer for suppressing the magnetization rotation of the 
pinned layer. The antiferromagnetic layer may include various 
antiferromagnetic materials. 

The magnetic layer that includes the ferromagnetic material M X 
may be a single-layer film or a multi-layer film. When the magnetic layer 
is the multi-layer film including magnetic films, at least one of the magnetic 
films should be made of the ferromagnetic material M-X. In particular, 
when the magnetic film in contact with the non-magnetic layer is made of 
the ferromagnetic material M-X, the thermal stability is improved greatly. 

The magnetic layer may be a multi-layer film that includes a 
non-magnetic film and a pair of magnetic films sandwiching the 
non-magnetic film, and particularly a multi layer film that includes a 
non-magnetic film and a pair of magnetic films that are coupled 
antiferromagnetically or magnetostaticaUy via the non-magnetic film. The 
magnetic layer also may be a multi-layer film expressed, e.g., by M/M-X, in 
which the non -magnetic element X is added only to a portion of a layer made 

10 
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of the magnetic element M. Alternatively, the free layer may be a 
multi-layer film that includes a magnetic film made of M-X and a soft 
magnetic film formed on the magnetic film, the soft magnetic film being 
superior to the magnetic film in its soft magnetic characteristics. This is 
5 because the magnetization of the free layer rotates more easily. The 

magnetic layer may include an interface magnetic film to be formed at the 
interface with the non-magnetic layer or the non-magnetic film. The 
interface magnetic film is expected to provide a higher MR ratio. Examples 
of the interface magnetic film include a film that is made of Fea04, Cr02, or 

10 the like and has a thickness of about 0.5 to 2 nm. 

The MR element of the present invention can be used as both a GMR 
element and a TMR element. The non-magnetic layer is made of a 
conductive material for the GMR element and of an insulating material for 
the TMR element. The preferred conductive material is a material 

15 including at least one selected from the group consisting of Cu, Ag, Au, Cr r 
and Ru. The preferred insulating material is a material including at least 
one selected from an oxide, a nitride and an oxynitride of AL 

When current flows perpendicular to the film surface (TMR element 
and CPP-GMR element), it is preferable that a pair of electrode layers are 

20 further deposited so as to sandwich the multi-layer film of magnetic 
layer/non-magnetic layer. 

As the magnetic element M, an element expressed by Fei - P - q CopNiq 
may be used. Therefore, the above ferromagnetic material also can be 
expressed by a formula [Fei - p - qCopNiq] ioo - a[X 1 bX 2 c 2Pdla. Here, p and q 

25 are adjusted in the ranges of 0 < p < 1, 0 < q < 1, and p + q < 1. 

When M is a three-component system (0 < p <1, 0 < q < 1, p + q < l), 
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it is preferable that p and q are in the ranges of 0 < p < 1 and 0 < q < 0.9 
(more preferably, 0 < q < 0.65), respectively. When M is a two-component 
system consisting of Fe and Ni (p = 0, 0 < q < l; Fei-JSTi,), it is preferable 
that q is in the range of 0 < q < 0.95. When Mis a two-component system 
5 consisting of Fe and Co (q = 0, 0 < p < l; Fei - P Cop), it is preferable that p is 
in the range of 0 < p < 0.95. 

lb achieve an even higher MR ratio without depending on the 
magnetic element M, it is preferable that X is at least one element selected 
from the group consisting of V, Cr, Mn, Ru, Rh, Pd, Re, Os, Ir and Pt. 
10 Since Pt is an element that enables both a high MR ratio and 

excellent thermal stability, it is preferable to include Pt as X. When Pt is 
used as X, a should be in the range of 0.05 to 50. In this case, it is 
preferable that q is limited to the range of 0 < q < 0.9 for M expressed by Fei 
-qNi<i, and that p is limited to the range of 0 < p < 0.9 for M expressed by Fei 
15 -pCop. M to be used with Pt may be Fe. When Feioo-aPta is used for the 
pinned layer so as to provide a large reversed magnetic field, a high MR 
ratio, and excellent thermal stability, it is preferable that a is in the range of 
0.05 < a < 20. 

Another preferred example of X is Pd, Rh or Ir. Even when theses 
20 elements are used, a should be in the range of 0.05 to 50. 

At least two elements selected from the group consisting of V, Cr, Mn, 
Ru, Rh, Pd, Re, Os, Ir and Pt can be used as X. 

When X is expressed by PtbRe*, it is preferable that b and c satisfy 
the following equations : 

25 0 < b < 50, 0 < c < 20, a = b + c, and 0.05 < a < 50. 

When X is expressed by PtbiPdb 2 or RhbiLta, it is preferable that bi 

12 
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and b2 satisfy the following equations' 

0 < bi < 50, 0 < b 2 < 50, a = bi + b 2 , and 0.05 < a < 50. 
The ferromagnetic material M-X may have a composition gradient in 
the thickness direction. There is no particular limitation to the detail of 
5 the composition gradient. The ratio of the element M (X) may increase or 
decrease monotonically and vary periodically in the thickness direction. 

The ferromagnetic material M-X may have a crystal structure that 
differs from the preferential crystal structure (the most stable crystal 
structure) of a material made of M at ordinary temperatures and pressures. 
10 In such a case, the spin polarization can be increased to provide a large MR 
ratio. It is preferable that the crystal structure of the ferromagnetic 
material M-X includes at least one selected from fee (face-centered cubic 
lattice) and bee (body-centered cubic lattice), 

Fe tends to have the bee structure. When the element X (e.g., Pt, 
15 Pd, Rh, Ir, Cu, Au and Ag) that tends to have the fee structure is added to Fe, 
the fee structure of, e.g., an Fe-Pt material can be obtained. When the 
element X (e.g., Cr, Nb, Mo, Ta, W and Eu) that tends to have the bee 
structure is added to an Ni-Fe alloy having the fee structure, the bee 
structure of, e.g., an Ni-Fe-Cr material can be obtained. When Pd that 
20 tends to have the fee structure is added to Co that tends to have an hep 
structure, a Co-Pd material including the fee structure can be obtained. 

The ferromagnetic material M-X may be formed of a mixed crystal 
including at least two crystals. The mixed crystal may include at least two 
selected from the group consisting of fee, fct (face-centered tetragonal 
25 lattice), bee, bet (body-centered tetragonal lattice), and hep (hexagonal 

close-packed lattice). The fct and the bet correspond to crystal structures 

13 
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in which one of the crystallographic axes of the fee and bec structures differs 
from the other two axes, respectively. The ferromagnetic material M X also 
may be a mixed crystal including at least two selected from the crystal 
systems including a face-centered orthorhombic lattice and a body-centered 
5 orthorhombic lattice in addition to the above crystal systems. The 

orthorhombic lattice is an orthorhombic system in which the three axes are 
of different length. Alternately, the ferromagnetic material can have a 
structure of the phase boundary regions, e.g., between fee and bec and 
between fee and hep by addition of the element X. 
10 The reason the spin polarization is increased according to a change 

in crystal structure is not fully clarified. The relationship between the 
magnetic spin, the electronic structure, and the crystal structure may affect 
that increase, as indicated in an invar alloy. 

The ferromagnetic material M-X may be amorphous, but preferably 
15 crystalline. For example, it may be columnar crystals having an average 
crystal grain diameter of 10 nm or less. Here, the average crystal grain 
diameter is evaluated in such a manner that a crystal grain in the form of a 
column or the like is converted to a sphere having the same volume as that 
of the crystal grain, and the diameter of the sphere is taken as the grain 
20 diameter. 

Hereinafter, the configuration examples of an magnetoresistive 
element and devices (a magnetoresistive head and MRAM) using this 
element of the present invention will be described by referring to the 
drawings. 

25 FIG - 1 is a cross-sectional view showing an example of an MR 

element of the present invention. In this element, two magnetic layers 1, 3 

14 
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that sandwich a non -magnetic layer 2 have different magnetic fields for 
reversing the magnetization G.e. coercive forces). The magnetic layer 1 
with a relatively large coercive force is a pinned layer, and the magnetic 
layer 3 with a relatively large coercive force is a free layer. In this element, 
5 at least a portion of the magnetic layers 1, 3 should be a ferromagnetic 
material M\X This element can provide a larger MR ratio and more 
improved thermal stability than those of a conventional MR element that 
uses magnetic layers made of Fe, Co, Ni, or an alloy of these elements. 
The reason for an increase in MR ratio by the ferromagnetic 

10 material M-X is considered more specifically to be the following effects. A 
first effect is that the density of state of the magnetic element M at a Fermi 
surface is changed by the non -magnetic element X to increase the spin 
polarization in the vicinity of the Fermi surface. A second effect is that the 
atomic distance and the electron arrangement of magnetic atoms 

15 constituting the magnetic element M are changed by the non-magnetic 
element X to cause a change in band structure, thus increasing the spin 
polarization. A third effect is that the junction at the interface between the 
non-magnetic layer and the magnetic layer is improved at the atomic level 
due to the above material, thereby reducing diffusion that makes no 

20 contribution to magnetoresistance. 

The reason for an improvement in thermal stability by the 
ferromagnetic material M-X is not clarified fully at present, as described 
above. However, the following effects of the ferromagnetic material may 
contribute to that improvement- atoms diffusing from the antiferromagnetic 

25 layer or the like are trapped, and a thermal stress generated at the interface 
between the magnetic layer and the non -magnetic layer is reduced. 

15 
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In addition to the above effects, the ferromagnetic material M-X can 
reduce a demagnetizing field and decrease a shift magnetic field. The 
magnetic layer including this material has a lower saturation magnetization 
than that of a conventional magnetic layer made of the element M, and thus 
5 the demagnetizing field is reduced. A smaller demagnetizing field has the 
effect of reducing a magnetic field for reversing the magnetization G.e., a 
switching magnetic field) particularly in a micro-processed element (e.g., the 
element area is 50 pan? or less, and preferably 10 jim 2 or less). A lower 
switching magnetic field is advantageous in reducing power consumption in 
10 devices such as MRAM. 

The ferromagnetic material M-X also can reduce a so-called shift 
magnetic field. The shift magnetic field (Hint) is caused by a local 
ferromagnetic coupling (i.e., an orange-peel coupling) of magnetic poles 
between the magnetic layers 1, 3 that sandwich the non-magnetic layer 2, 

15 and the local ferromagnetic coupling is induced by unevenness of the 

interface. When the ferromagnetic material is used for the free layer or the 
pinned layer, the magnetic poles are weakened and the interface is 
smoothed compared with a conventional magnetic layer made of the element 
M, so that the shift magnetic field can be suppressed. 

20 To improve the soft magnetic characteristics by reducing the 

demagnetizing field and suppressing the shift magnetic field, the atomic 
ratio a of the non -magnetic element should be in the range of 5 to 60. The 
atomic ratio a in the range of 15 to 60 is preferred particularly for reducing 
the demagnetizing field, and that in the range of 10 to 60 is advantageous in 

25 suppressing the shift magnetic field. 

There is no particular limitation to the number of magnetic layers 
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and non-magnetic layers to be stacked. For example, the non-magnetic 
layer and the magnetic layer can be further stacked in alternation on the 
configuration in FIG. 1. Even if the number of layers is increased, the 
effect of improving the characteristics can be obtained by using the 
5 ferromagnetic material for a portion of at least one of the magnetic layers. 

The non-magnetic layer 2 may be made of a conductive or insulating 
material depending on the element. The conductive material to be used for 
the non-magnetic layer of a GMR element includes, e.g., at least one 
selected from the group consisting of Cu, Au, Ag, Ru, Cr, and alloys of these 

10 elements. The insulating material to be used for the non-magnetic layer 
(tunnel insulating layer) of a TMR element is not particularly limited as 
long as it is an insulator or semiconductor. However, the preferred 
insulating material is a compound of at least one element selected from the 
group consisting of Groups Ila to Via (Groups 2 to 6 in new IUPAC system) 

15 including Mg, Ti, Zr, Hf, V, Nb, Ta and Cr, lanthanide including La and Ce, 
and Groups lib to IVb (Groups 12 to 14 in new IUPAC system) including Zn, 
B, AL, Ga and Si, and at least one element selected from the group consisting 
of F, O, C, N and B. In particular, an oxide, a nitride or an oxynitride of Al 
is superior to other materials in the insulating characteristics, can be 

20 formed into a thin film, and also ensures excellent repeatability. 

lb increase a magnetic field for reversing the magnetization of the 
magnetic layer, an antiferromagnetic layer may be further stacked on the 
magnetic layer. In the element illustrated in FIG. 2, an antiferromagnetic 
layer 8 is provided in contact with a pinned layer 1. The pinned layer 

25 shows unidirectional anisotropy due to an exchange bias magnetic field with 
the antiferromagnetic layer, and thus the reversing magnetic field becomes 
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larger. Accordingly, a clear distinction between parallel and antiparallel of 
the magnetization of the magnetic layer can be made to provide stable 
outputs. 

As the antiferromagnetic layer, it is preferable to use an Mn based 
antiferromagnetic material (antiferromagnetic material including Mn), such 
as Pt-Mn, PdPt-Mn, Fe-Mn, Ir-Mn and Ni-Mn. For an underlying layer of 
the antiferromagnetic layer, Ta, Nb, Hf, Zr, Cr, Pt, Cu, Pd or the like may be 
used. To enhance the crystal orientation of the antiferromagnetic layer, 
Ni-Fe, Ni-Fe-Cr or the like can be deposited as the underlying layer. 

As shown in FIG. 3, a pinned layer 1 may be formed as a multi-layer 
film, in which a first magnetic film 11 and a second magnetic film 12 are 
stacked in this order from the side of a non magnetic layer 2. In this 
element, an exchange bias magnetic field between the second magnetic film 
12 and the antiferromagnetic layer 8 and a ferromagnetic coupling between 
the second and first magnetic films 12, 11 impart unidirectional anisotropy 
to the entire pinned layer 1. When the first magnetic film 11 includes the 
ferromagnetic material M X, the second magnetic film 12 is not particularly 
limited, and, e.g., an Fe-Co-Ni alloy can be used. 

As shown in FIG. 4, a pinned layer 1 can be formed as a multi-layer 
film, in which a first magnetic film 11, a second magnetic film 13, a 
non-magnetic film 14, and a third magnetic film 15 are stacked in this order 
from the side of a non-magnetic layer 2. When the non magnetic film 14 
has an appropriate thickness, an antiferromagnetic exchange coupling is 
caused between the magnetic films 13 and 15. By using a hard magnetic 
material with large saturation magnetization, such as CoFe, for the second 
and third magnetic films 13, 15, a magnetic field for reversing the 



18 



WO 02/088765 



PCT/JP02/04062 



magnetization of the pinned layer 1 is increased. Such a multi-layer film 
in which the antiferromagnetic exchange coupling is established between 
the magnetic films via the non-magnetic film is called a laminated 
ferrimagnetic material. It is preferable that the non-magnetic film 14 in 
5 the laminated ferrimagnetic material is at least one selected from the group 
consisting of Cr, Cu, Ag, Au, Ru, Ir, Re, Os, and alloys and oxides of these 
elements. The preferred thickness of the non-magnetic film 14 is 0.2 to 1.2 
nm. 

As described above, the multi-layer film, in which at least two 
10 magnetic films are stacked with at least one non-magnetic film 

therebetween and the magnetization directions of the opposing magnetic 
films via the non-magnetic film are anti-parallel in a zero magnetic field, H , 
can reduce the demagnetizing field for a micro-processed element, thus 
making the response property better. 
15 A high coercive magnetic film can be used instead of the multi-layer 

film (a laminated ferrimagnetic material) 13, 14, 15 illustrated in FIG. 4. 
As the high coercive magnetic film, it is preferable to use a material having 
a coercive force of 100 Oe or more (approximately at least 7.96 kA/m), such 
as Co-Pt, Co-Cr-Pt, Co-Ta-Pt, Co-Sm, andFe-Tb. 
20 In a spin-valve type element including the laminated ferrimagnetic 

pinned layer illustrated in FIG. 5, an antiferromagnetic layer 8 is stacked 
on the pinned layer 1 in FIG. 4. This element can provide a higher bias 
magnetic field than that of an element including the antiferromagnetic layer 
alone. 

25 The magnetic films 13, 15 may be coupled magnetostatically, not 

antiferromagnetically. For the magnetostatic coupling, the non-magnetic 
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film 14 is not particularly limited as long as it is a non-magnetic material. 
In general, however, the non-magnetic film 14 should have a thickness of 2 
nm or more (and preferably 3 nm or less). 

Elements illustrated in FIGS. 6 and 7 have a dual spin-valve 
structure in which pinned layers 1, 5 are positioned on both sides of a free 
layer 3. The element in FIG. 6 uses antiferromagnetic layers 8a, 8b so as 
to fix the magnetization directions of the pinned layers 1, 5. In the element 
in FIG. 7, each of the pinned layers 1, 5 includes a laminated ferrimagnetic 
pinned layer 13(53), 14(54), 15(55) on the side of the antiferromagnetic layer. 
When a GMR element that includes the non magnetic layers 2, 4 made of a 
conductive material has the dual spin-valve structure, the interface between 
the magnetic layer and the non magnetic layer at which electrons are 
subjected to magnetic scattering is increased, so that a larger MR ratio can 
be obtained. When a TMR element that includes the non magnetic layers 2, 
4 formed of tunnel insulating layers has the dual spin-valve structure, the 
MR ratio is not so much changed, but the bias voltage dependence of the MR 
properties is improved because of the two barriers. 

As shown in FIG. 8, a non-magnetic layer 9 made of an insulating 
material may be further stacked on a free layer 3. In a CIP-GMR element 
that includes the non-magnetic layer 9, electrons are reflected from the 
non-magnetic layer, so that the MR ratio can be improved. In a CPP GMR 
element or TMR element that includes the non magnetic layer 9, electrons 
having a higher energy than the Fermi level are included in those flowing 
through the element, so that output can be increased to improve the bias 
voltage dependence. Examples of the non-magnetic layer 9 include an Al 
oxide, Al nitride, Al oxynitride, Mg oxide, Si oxide, and Ta oxide. 
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As shown in FIG. 9, a free layer 3 may be formed as a multi-layer 
film. In this case, a magnetic film 31 made of the ferromagnetic material 
M-X should be positioned on the side of a non-magnetic layer 2. When a 
soft magnetic film 32 is stacked on the magnetic film 31, a magnetic field for 
5 reversing the magnetization of the free layer can be reduced. As the soft 
magnetic film 32, e.g., an Ni-Co-Fe alloy can be used. Expressing the 
composition of this alloy as NisCotFeu, an Ni rich soft magnetic film with 0.6 

< s < 0.9, 0 < t < 0.4, and 0 < u < 0.3 or a Co-rich soft magnetic film with 0 < s 

< 0.4, 0.2 < t < 0.95, and 0 < u < 0.5 is suitable. 

10 A laminated ferrimagnetic free layer including a soft magnetic 

material with small saturation magnetization, such as NiFe, can be used as 
a portion of the free layer. The dual spin -valve type elements illustrated in 
FIGS. 6 and 7 also may include the laminated ferrimagnetic free layer in 
the free layer 3. For example, the free layer 3 may be divided into two 

15 layers, and the laminated ferrimagnetic free layer of magnetic film 

A/non-magnetic film B/magnetic film C/non-magnetic film D/magnetic film 
E may be interposed between the two layers. The configuration of the 
laminated ferrimagnetic free layer is not limited to the above. For example, 
when the antiferromagnetic exchange coupling is established between the 

20 magnetic film C and each of the divided free layers, the magnetic films A 
and £ can be omitted. 

In the MR elements described above, the MR characteristics can be 
improved by including the ferromagnetic material M-X in at least a portion 
of the magnetic layers 1, 3, 5. When a magnetic layer is further stacked, 

25 the portion of the magnetic layer that includes no M-X may be formed, e.g., 
of at least one metal selected from the group consisting of Fe, Co and Ni, as 
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is the case with the conventional te chni que. 

As the method for forming each of the thin fil™« constituting an MR 
element, various sputtering methods, MBE, and ion plating can be used. 
The sputtering methods include pulse laser deposition CPLD), ion beam 
deposition GBD), cluster ion beam, RF, DC, ECR, helicon, inductively 
coupled plasma (ICP), and opposed targets. Instead of these PVD methods, 
CVD, plating, a sol-gel process, or the like can be used. The method for 
producing the ferromagnetic material M-X will be described below by taking 
sputtering as an example. This material can be produced, e.g., by 
depositing pellets of the non-magnetic material X on an alloy target whose 
composition has been determined by considering the deviation from a 
desired composition of the magnetic element M. The target of the magnetic 
element M and that of the non-magnetic element X may be sputtered 
simultaneously or alternately. Also, reactive sputtering can be performed 
by introducing a portion of the non-magnetic element X in the gas state into 
an apparatus. The ferromagnetic material M-X may be produced by using 
an alloy target whose composition has been determined by considering the 
deviation from a desired composition that depends on the film forming 
conditions (e.g., sputtering, gas species, gas pressure, and input power). 

To produce a tunnel layer as the non-magnetic layer, e.g., a thin film 
precursor of an alloy or compound that includes at least one element 
selected from the group consisting of Groups Ha to Via including Mg, Ti, Zr, 
Hf, V, Nb, Ta and Cr, lanthanide including La and Ce, and Groups lib to IVb 
including Zn, B, Al, Ga and Si may be prepared, and then this precursor 
may be reacted (e.g., oxidized, nitrided, or the like) in an atmosphere 
containing at least one element selected from the group consisting of F, O, C, 
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N and B as molecules, ions, or radicals with the at least one element while 
controlling temperature and time. As the thin film precursor, a 
non -stoichiometric compound that includes any one of the elements selected 
from F, O, C, N and B in an amount less than that defined by the 
5 stoichiometric ratio may be prepared, and then this compound may be 
maintained in an appropriate atmosphere containing molecules, ions, or 
radicals of the element included in the compound while controlling 
temperature and time properly so as to cause a further reaction of the 
element. 

10 For example, when an AI2O3 film is produced as the tunnel 

insulating layer by sputtering, it is preferable to repeat the steps of forming 
an Al or ALO x (X < 1.5) film in an Ar or Ar + O2 atmosphere and oxidizing . 
this film in O2 or O2 + inert gas. ECR discharge, glow discharge, RF 
discharge, helicon, ICP or the like can be used in making plasma or radicals. 

15 To produce a device including an MR element that allows current to ^ 

flow perpendicular to the film surface, micro-processing can be performed by 
combining photolithography techniques that use, e.g., physical or chemical 
etching, such as ion milling, REE and FIB, a stepper for forming fine 
patterns, and an EB method. In the element illustrated in FIG. 10, a lower 

20 electrode 22, an MR element 23, and an upper electrode 24 are stacked in 

this order on a substrate 21, and an interlay er insulating film 25 is provided 
around the element between the electrodes. This element allows current to 
flow through the MR element 23 interposed between the upper and lower 
electrodes 24, 22 so as to read a voltage. Thus, it is preferable that the MR 

25 element causing current to flow in a direction perpendicular to the film 
surface further includes a pair of electrodes that sandwich the element in 
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this direction. Tb flatten the surface of the electrode or the like in the 
element, CMP or cluster ion beam etching may be used. 

As the material of the electrodes 22, 24, it is preferable to use a 
metal having low resistance such as Pt, Au, Cu, Ru, and Al. As the 
interlayer insulating film 25, it is preferable to use a material having an 
excellent insulating property such as AI2O3, and Si02. 

FIG. 11 shows an example of a magnetoresistive magnetic head 
using an MR element of the present invention. The magnetoresistive 
magnetic head includes two magnetic shields (i.e., an upper shield 35 and a 
lower shield 31) that are made of a magnetic material and suppress a 
magnetic field other than that to be detected from penetrating into the MR 
element. An MR element portion 33 and electrodes 32, 34 sandwiching the 
element are arranged in a reproduction gap length of the two magnetic 
shields. Recording of magnetic information with this head is performed in 
the following manner: current flows through winding portions 37, and thus 
a leakage field from a recording gap between a recording magnetic pole 38 
and the upper shield 35 is used to write a signal into a recording medium. 
An insulating film 36 is formed in the portion of the recording gap and has a 
thickness that corresponds to the gap length. Reproduction is performed 
by reading a signal magnetic field from the recording medium with the MR 
element provided in the reproduction gap (shield gap). 

When a TMR element or CPP-GMR element is used for the MR 
element portion 33 of this magnetic head, the electrodes can be eliminated 
by allowing the upper and lower shields to serve as the upper and lower 
electrodes, so that the reproducing head has a narrower gap. For a 
CIP-GMR element, the upper and lower electrodes are insulated from the 
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upper and lower shields, respectively. 

As shown in FIG. 12, an MR element of the present invention may 
be used in a magnetic head having a magnetic flux guide (yoke) made of a 
magnetic material. In this magnetoresistive magnetic head, yokes 41a, 41b 
5 introduce a magnetic field to be detected into an MR element portion 43. 
The yokes serve as magnetic shields, and the lower yoke 41b under the MR 
element 43 also serves as a lower lead. The current for detecting a signal 
magnetic field flows between the upper lead 44 and the lower yoke Cower 
lead) 41b. The entire free layer of the MR element or a portion of the free 
10 layer also can be used as the yoke. This magnetic head is supposed to use a . 
TMR element or CPP-GMR element. However, it also can include a 
CIP-GMR element that allows current to flow in parallel to the film surface, 
by providing insulation or the like between the MR element and the yoke 
portion. 

15 These magnetic heads can be used in a magnetic recording 

apparatus such as an HDD. As shown in FIG. 13, e.g., the HDD includes a 
magnetic head 71, an arm 72 for supporting the magnetic head, a driving 
portion 73 for the arm and a disk, a signal processing portion 74, and a 
magnetic recording medium (magnetic disk) 75 on which a signal is 

20 recorded/reproduced with the magnetic head. 

FIG. 14 shows an example of an MRAM using an MR element of the 
present invention as a memory device. MR elements 61 are arranged at 
each intersection of bit (sense) lines 62 and word lines 63 in the form of a 
matrix. The bit and word lines may be made of Cu, Al or the like. The bit 

25 line corresponds to a conductor line for reading information, while the word 
line corresponds to a conductor line for recording information. A synthetic 

25 



WO 02/088765 



PCT/JP02/04062 



magnetic field that is generated when a signal current flows through the bit 
and word lines allows a signal to be recorded on the element. The signal is 
recorded on the element (Le., the element 61a in FIG. 14) located at the 
position where the lines in the on state cross (coincident-current selection). 

The operations of the MRAM will be described in more detail by 
referring to FIGS. 15 to 17. These drawings show examples of writing and 
reading operations. Here, the MR element 61 (including a pinned layer 1, a 
non-magnetic layer 2, and a free layer 3) illustrated in FIG. 1 is used. 
However, the element to be used is not limited thereto. In the MRAM 
shown in FIGS. 15A and 15B, a switching element 64 such as FET is 
provided for each element so as to read the magnetized state of the element 
individually. This MRAM is suitable for forming on a CMOS substrate. In 
the MRAM shown in FIGS. 16A and 16B, a nonlinear or rectifier element 65 
is provided for each element. As the nonlinear element, e.g., a varistor, a 
tunnel element, or the above three-terminal element may be used. This 
MRAM can be formed also on an inexpensive glass substrate only by 
increasing the film forming process for a diode or the like. In the MRAM 
shown in FIGS. 17A and 17B, the element 61 is located at the intersection of 
the word and bit lines without using the switching element, the rectifier 
element, or the like. This MRAM allows current to flow through a plurality 
of elements for reading. Therefore, it is preferable that the number of 
elements should be limited to 10,000 or less so as to ensure the reading 
accuracy. 

In FIGS. 15 to 17, the bit line 62 is used also as the sense line for 
reading a resistance change caused when current flows through the element. 
However, the sense line and the bit line may be arranged separately to 
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prevent malfunction or destruction of the element due to a bit current. In 
this case, it is preferable that the bit line is insulated electrically from the 
element and arranged in parallel to the sense line. In view of reducing 
power consumption for writing, the space between the word line or the bit 
5 line and the memory cell (element) may be about 500 nm or less. 

Using multi-target magnetron sputtering, an element having the 
configuration described in each of the following examples was formed on an 
Si substrate (3 inch <J>) provided with a thermal oxide film, and the MR 
10 characteristics were examined. 
Exam ple 1 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Pt-Mn(20)/ Co-Fe(l)/ ferromagnetic material M-X(2)/ Al-O(l.O)/ Co-Fe(3)/ 
Ta(l5) 

15 Here, the figures in parentheses denote the film thickness (in nm; 

the film thickness is expressed in the same manner in the following). The 
thickness of the Al-O film is a designed thickness (i.e., total thickness) of Al 
before oxidation (this is the same in the following, including nitridation and 
oxynitridation for Al-N and Al-N-O). The Al-O was prepared by forming an 

20 Al film having a thickness of 0.3 to 0.7 nm and oxidizing the Al film 

repeatedly in an atmosphere containing oxygen (200 Tbrr (about 0.267 MPa), 
1 min). 

The Ta(3)/Cu(50) on the substrate is a lower electrode, and the Ta(3) 
adjacent to the Pt-Mn is an underlying layer. The Ta(l5) is a protective 
25 layer of the MR film, and a portion of the Ta(l5) also acts as an upper 

electrode. The Pt-Mn corresponds to an antiferromagnetic layer. Each 
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film was micro-processed in mesa fashion, as shown in FIG. 10, and 
Cu(50)/Ta(3) was formed as the upper electrode. Subsequently, the element 
was heat-treated at 280°C for 3 hours in a magnetic field of 5 kOe so as to 
impart unidirectional anisotropy to the PtMn. The element area of a 
5 sample was 1.5 pan x 2.5 jim. 

This MR element is a spin-valve type TMR element having the 
configuration in accordance with FIG. 3, and a ferromagnetic material M X 
is used for a portion of the pinned layer 1. The MR characteristics were 
examined with a direct-current four-terminal method by applying a 

10 maximum magnetic field of 5 kOe to the MR element. The MR ratio was 
determined by 

MR ratio = {(Rma* - Rmin) / RarfJ x 100 (%) 



15 where Rma* is a maximum resistance and Rmin is a minimum resistance (this 
is the same in the following). 

The MR ratio changes according to the materials, manufacturing 
method and thickness of a tunnel insulating layer. It also is affected by the 
materials of films constituting an element, the thicknesses of the films , and 

20 processing of the element. Therefore, the characteristics of the MR element 
are evaluated on the basis of the characteristics of a conventional element, 
which is produced in the same manner as the MR element except for the use 
of a material that includes only the magnetic element M of the 
ferromagnetic material M X. This is the same in the following examples. 
25 Table 1 shows the result of measurement. 
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TABLE 1 



Sample No. 


Ferromagnetic material M-X 


MR(%) 


(Conventional example) a0 1 


LreJioo 


34 


(Comparative example) a02 


[Fe]99.96Pt.0.04 


34 


a03 


[FeJ99.95Pto.05 


40 


a04 


[FelgsPts 


58 


a05 


[FelgoPtio 


56 


a06 


[Fe] 8 oPt 2 o 


55 


a07 


[FelToPtao 


57 


a08 


[FelsoPtso 


40 


*a09 


[Fe]4oPteo 


34 


(Comparative example) a 10 


[FelasPtes 


22 


all 


[Fel99.95Pdo.05 


40 


al2 


[FelgoPdio 


48 


al3 


[FelssPdiB 


55 


al4 


[FelesPdss 


54 


al5 


[Fe]55Pd45 


46 


*al6 


[Fe]48Pd52 


35 


(Comparative example) al7 


[FelagPdsi 


20 


al8 


[Fe] 9 oRh 10 


46 


al9 


[Fe]7 5 Rh 25 


48 


a20 


[FeleoRh40 


44 1 


*a21 


[Fe]48Rh52 


35 


(Comparative example) a22 


[Fe]37Rh63 


22 


a23 


[Fe]98lr 2 


40 


a24 


[Fe]92lT8 


44 


a25 


[Fels5lri5 


41 


a26 


[Fe]7oIr3o 


39 


a27 


[Fe]6olT40 


37 


*a28 


[Fe]49lT51 


35 


(Comparative example) a29 


[Fe]37lr63 


11 


(Comparative example) a30 


lFeJ99.97ReO.O3 


34 


a31 


[Fe] 9 8Re 2 


39 


a32 


[FelgsRes 


40 


a33 


IJf ej9oKeio 1 


40 


! a34 


[Fe]soRe2o 


38 


[ a35 


[Fe]7oRe3o 


35 


(Comparative example) a36 


[Fe]65Re35 


18 


(Comparative example) a37 


[Fel99.96No.04 


34 


a38 


[Fe] 9 8N 2 


36 


a39 


[FelgsNs 


38 


a40 


[Fel 82 Ni8 


36 


(Comparative example) a41 


[Fel77N23 


21 
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In Table 1, the elements other than those represented by the 
conventional and comparative examples are the working examples, though 
they are not so indicated (this is the same in the following). As shown in 
Table 1, larger MR ratios were obtained from the elements of the working 
examples than that from the conventional example aO 1. Moreover, some of 
the elements had an extremely large MR ratio of 50% or more. The 
increase in the MR ratio may result from an increase in spin polarization by 
adding the non-magnetic element to Fe. 

For the elements marked with *, the degree of increase in the MR 
ratio was not large because the amount of non-magnetic element X added 
was rather large. To achieve a high MR ratio, the amounts of addition 
should be limited to 50 at% for Pt, Pd, Rh and Ir (X0, 30 at% for Re 0&), 
and 20at%forN(X 3 ). 

Moreover, the variation in tunnel junction resistance in a 3-inch 
wafer after processing the element was examined for each element in the 
conventional and working examples. The variation in junction resistance 
of the conventional example was about 18%. However, the variation in 
junction resistance of all the working examples was within 5%. The effect 
of mass-producing devices increases as the variation becomes smaller. 
Example. 2 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Pt-Mn(20)/ Co-Fe(3)/ Ru(0.9)/ Co-Fe(l)/ ferromagnetic material M-X<2)/ 
Al-O(l.O)/ ferromagnetic material M-X(2)/ Ni-Fe(5)/ Ta(l5) 

The method for forming the Al O film was the same as that in 
Example 1. Each film was processed in mesa fashion in the same manner 
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as Example 1, and Cu(50)/Ta(3) was formed as an upper electrode. 
Subsequently, the element was heat-treated at 280°C for 3 hours in a 
magnetic field of 5 kOe so as to impart unidirectional anisotropy to the 
Pt-Mn. The element area of a sample was 2 jim x 3 jim. 
5 This MR element is a laminated ferrimagnetic pinned layer 

spin-valve type TMR element having the configuration in accordance with 
FIG. 5, and a ferromagnetic material M-X is used for a portion of the pinned 
layer 1 and a portion of the free layer 3. The free layer 3 includes an Ni-Fe 
soft magnetic layer. The MR ratio of this element was examined in the 
10 same manner as Example 1. Table 2 shows the result. 



15 



20 



25 

31 



WO 02/088765 



PCT/JP02/04062 



TABLE 2 



Sample No. 


Ferromagnetic 
material M X (on the 
pinned laver side) 


* V»*. -M. U1U Ct K | %tl\f 

material M-X (on the 
free layer side) 


A/TD to/ \ 


(Conventional example) 








bOl 


lFe]ioo 


[Felioo 




(Comparative example) 








b02 


[Fe]99.96Pto.04 


[Fe] 99.96Pto.04 


18 


b03 


[FeLsPts 


[FelgsPts 


55 


b04 


[Fe]85Ptl5 


[Fe] ssPtis 


58 


b05 


[Fe]75Pt25 


[Fe] 75Pt25 


58 


boe 


[FelesPfas 


[Fe] esPtas 


57 


b07 


[Fe]5sPt45 


[Fe]55Pt45 


35 


*b08| 


[Fe]45Pt55 


[Fe] 45Pt55 _j 


19 


(Comparative example) 








b09 


[Fe] 3 7Ptea 


[Fe] 3 7Pte3 


12 


blO 


[FelsoPtio 


[Fe]7oPt3o 


57 


bll 


[FelsoPtM 


[Fe]55Pt45 


56 


*bl2 


[FehoPtoo 


[Fe] 45Pt55 


20 


Ola 


Lr ej5or*t5o 


[Fe] 8 2Ptis n 


44 


bl4 


[Fe]goPdio 


[FeJfloPdio 


48 


bl5 


[FelsoPdao 


[Fe] soPd2o 


50 


bl6 


[Fe]?oPd3o 


[Fe] roPdao 


51 


bl7 


[FelsoPda, 


[Fe] soPdso 


41 


bl8 


[FeJ«,Pdi5 


[FeJgsPds 


55 


bl9 


[FelesPdss 


[Fe]75Pd25 


48 


b20 


[FelssPdis ! 


[FelssPdai? 


46 


b21 


[FelgsPds 


[Fe] soPdzo 


45 



As shown in Table 2, larger MR ratios were obtained from the 
elements of the working examples including the ferromagnetic material M X 
compared with the conventional example, either when the compositions of 
the materials arranged on both sides of the Al-O were the same or when 
they were different. For the working examples b08, bl2 marked with *, the 
degree of increase in the MR ratio was not large because the content of X(Pt) 
was rather large. In the conventional example bOl, a magnetic field for 
reversing the magnetization of the free layer G.e., a coercive force) was 



32 



WO 02/088765 



PCT/JP02/04062 



about 35 Oe. However, the coercive force of the working examples b08, bl2 
was about 10 Oe. A smaller magnetic field for reversing the magnetization 
of the free layer is advantageous in magnetic heads and magnetic memories. 
Thus, the ferromagnetic material M X can improve the soft magnetic 
5 characteristics of the free layer and contribute to the enhancement of device 
sensitivity. 

The elements of the conventional example bOl and all the working 
examples were heat-treated again at 280°C for 10 hours, and then their MR 
characteristics were examined. The MR ratios of the conventional example 

10 bOl and the working examples changed little relative to those before 
reheating. When the tunnel junction resistance after reheating was 
compared with that before reheating, a change in the resistance of all the 
working examples was within 5%, while a change in the resistance of the 
conventional example bOl was 20% or more. High stability to thermal 

15 hysteresis increases the versatility and facilitates the element design. 
Exam ple 3 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
ferromagnetic material M X(5)/ A10(0.8)/ Co(3)/ Ir-Mn(l5)/ Ta(20) 

The Al-O was prepared by forming an Al film having a thickness of 
20 0.8 nm and applying ICP oxidation to the Al film. The Ir-Mn corresponds 
to an antif erromagnetic layer. Each film was processed in mesa fashion in 
the same manner as Example 1, and Cu(50)/Ta(3) was formed as an upper 
electrode. Subsequently the element was heat-treated at 250°C for 2 hours 
in a magnetic field of 5 kOe so as to impart unidirectional anisotropy to the 
25 Ir-Mn. The element area of a sample was 3 Jim x 3 pm. 

This MR element is a spin-valve type TMR element having the 
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configuration in accordance with FIG. 2, which is turned upside down, and 
ferromagnetic material M X is used for the free layer 3. The MR ratio of 
this element was examined in the same manner as Example 1. Table 3 
shows the result. 
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TABLE 3 



Sample No. 


Ferromagnetic material M-X 


MR(%) 


(Conventional example) cOl 


[Feo.90Nio.10] 100 


27 


(Comparative example) c02 


[Feo.90Nio.10J99.97Pto.03 


27 


c03 


[Feo.9oNio. 10l99.95Pto.05 


35 


c04 


[Feo.9oNio.io39sPt5 


38 


c05 


[Feo.9oNio.iol9oPtio 


53 


c06 


[Feo.9oNio.iol75Pt25 


44 


c07 


[Feo.9oNio.iol52Pt48 


44 


*c08 


[Feo.9oNio.iol48Pt52 


28 


(Comparative example) c09 


[Feo.9oNio.iol35Pt65 


16 


clO 


[Feo.9oNio.iol88lri2 


46 


ell 


[Feo.9oNio.iolsoIUi2o 


43 


cl2 


[Feo.9oNio.iol92Pd8 


43 


cl3 


[Feo.9oNio.iols5Rui5 


30 


cl4 


[Feo.9oNio.iols5Aui5 


29 


cl5 


[Feo.9oNio.iol95Re5 


34 


cl6 


[Feo.9oNio.iol85Rei5 


33 


(Comparative example) cl7 


[Feo.9oNio.iol6sRe35 


11 


Cl8 


[Feo.9oNio.iol990i 


30 


Cl9 


[Feo.9oNio.iol9505 


31 


(Comparative example) c20 


[Feo.9oNio. 10] 77O23 


14 




Ferromagnetic material M-X 


MR(%) 


(Conventional example) c21 


[Feo.60Nio.40l 100 


31 


c22 


[Feo.6oNio.4ol9ePt4 


56 


c23 


[Feo.6oNio.4ol89Ptn 


58 


c24 


[Feo.6oNio.4ol92lr8 


50 


c25 


[Feo.6oNio.4ol8oRh2o 


48 


c26 


[Feo.6oNio.4ol9oPdio 


48 


c27 


[Feo.6oNio.4ol82Ru is 


44 


c28 


[Feo.6oNio.4ol9oAuio 


38 


(Comparative example) c29 


[Feo.60Nio.40l99.96Cro.04 


31 


c30 


[Feo.60Nio.40l99.95Cro.05 


37 


c31 


[Feo.6oNio.4ol98Cr2 


45 


c32 


lFeo.6oNio.4oJ95Cr5 


47 


c33 


[Feo.6oNio.4ol92Cr8 


45 


c34 


[Feo.6oNio.4ol8oCr2o 


37 


(Comparative example) c35 


[Feo.6oNio.4ol69Cr3i 


15 


(Comparative example) c36 


[Fe0.60Nio.4ol99.97No.0s 


31 


1 c37 


[Fe0.60Nio.40l99.95No.0s 


35 


c38 


[Feo.6oNio.4ol97N3 


36 


c39 


[Feo.60Nio.40l 92N8 


34 


(Comparative example) c40 


[Feo.6oNio.4ol 77N23 


5 
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(Conventional example) c4l 
C42 



c43 



c44 



c45 



Ferromagnetic material M X 



[Feo^oNioanlmn 
[Feo.2oNio,gnl 



98Pt 2 



MR(%) 



18 



26 



[Feo,2oNio solsgPt^ 
[Feo.2oNio.8o] 95 Cr5 



25 



28 



c46 



(Comparative example) c47 



[Feo.zoNiosoJssCriB 



c48 



[Feo.2oNio.8o]66Cr34 



20 



c49 



[Feo.2oNio,8o]99Sii 



11 



c50 



tFeo.2oNio.8o]92Si8 



19 



(Comparative example) c51 



[Feo^oNio,«o1«3Sii ? 



21 



[Feoj2oNio8oJ76Si24 



20 



10 



As shown in Table 3, larger MR ratios were obtained from the 
elements of the working examples including the ferromagnetic material M X 
compared with the conventional examples, even if an Fe Ni alloy was used 

asM For the working example c08 marked with* in Table 3, a 
remarkable increase in the MR ratio was not observed. 

Example A 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Ni-Fe-Cr(4)/ Pt-Mn(25)/ ferromagnetic material M-X(2.5)/ Al-O(0.7)/ 
Co-Fe(2)/ Ni-Fe(3)/ Ta(20) 

The method for forming the Al-0 film was the same as that in 
Example 1. The Ta(3)/Ni-Fe-Cr<4) is an underlying layer for controlling the 
crystal orientation of die Pt-Mn. Each film was processed in mesa fashion 
in the same manner as Example 1, and Cu(50)/Ta(3) was formed as an 
upper electrode. Subsequently, the element was heat-treated at 280°C for 5 
hours in a magnetic field of 5 kOe so as to impart unidirectional anisotropy 
to the Pt-Mn. The element area of a sample was 1.5 ,un x 3 um. 

This MR element is a spin-valve type TMR element having the 
configuration in accordance with FIG. 2, and a ferromagnetic material M X 
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is used for the pinned layer 1. The MR ratio of this element was examined 
in the same manner as Example 1. Table 4 shows the result. 

5 



10 



15 



20 
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TABLE 4 



Sample No. 
(Conventional example) dOl 


Ferromagnetic material M-X 
[Feo.7oCoo.3olioo 


J MR(%) 

~L 30 


(Comparative example) d02 


[Feo.7oCoo.3ol99.96Pto.04 


_r 30 




lFeo.7oCoo.3o]99Pti 


I 40 


H04 


lFeo.7oCoo.3o]92Pt8 


J 48 




[Feo.7oCOo.3ol84Ptlf5 


1 45 


HOfi 


lFeo.7oCoo.3o]7oPt3o 


T 42 


*d07 


_ lFe0.70CO0.30]47Pt53 


L 31 


(Comparative example) d08 


lFeo.7oCoo.3o]39Ptei 


J 16 


(Comparative example) d09 


[Feo.70CO0.30l99.96V0.04 


T 30 


dlO 


[Feo.7oCoo.3ol96V4 


L 38 


H11 


[Feo.7oCoo.3ol92V8 


1 36 


(Comparative example) dl2 


[Feo.7oCoo.3ol68V32 


1 11 


d13 


[Feo.7oCoo.3ol99Ni 


L ' 33 


dl4 


[Feo.7oCoo.3ol95N5 


i 34 


(Comparative example) dl5 


[Feo.7oCoo.3o]7sN22 


1 9 




Ferromagnetic material M X 


L MR(%) 


(Conventional example) dl6 


[Feo.30Coo.70] ioo 


L 38 




[Feo.3oCoo.7ol99Pti 


43 




[Feo.3oCoo.7ol92Pts 


55 




[Feo^oCoo.7ol65Pt35 1 


44 


d20 


Peo.3oCoo.7ol9oPdio 


46 


621 


Feo.3oCoq7ol95Ru5 


42 


d22 


Feo.3oCoo.7ol75Cu25 


44 




[Feo.3oCoo.7o]55Cu45 7 


41 


d24 


[Feo.soCoo.7ol9oCrio 1 


41 


d2S 


[Feo.30coo.70199.500fi [ 


46 


d2fi 


[Feo.3oCoo.7ol990i I 


41 


d27 


[Feo.3oCoo.7ol9208 ' 


44 


(Comparative example) d28 


[F eo,3oCoo.7ol75Q^ 


10 




r eixomagnetic material M*X | 


MR(%) 


(Conventional example) d29 


[Feo.ioCoo.9olioo 


32 


d30 


lFeo.ioCoo.9oJ95Pt5 1 


52 


d31 


lFeo.ioCoo.9ol9oPtio 


40 


d32 


[Feo.ioCoo.9ol75Pt2s 1 


41 


d33 


[Feo.ioCoo.9ol990i 


36 


d34 


IFeo. loCoo.9o]9802 


35 


d3R 


[Feo.ioCoo.golgsOfi 1 


33 


(Comparative example) d36 


[Feo.ioCoo.9ol7oOao : 


5 



As shown in Table 4, larger MR ratios were obtained from the 
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elements of the working examples including the ferromagnetic material M X 
compared with the conventional examples, even if an Fe-Co alloy was used 
as M. For the working example d07 marked with * in Table 4, a 
remarkable increase in the MR ratio was not observed. 
5 Example 5 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Co-Sm(80)/ Co-Fe(3)/ AlO(l.l)/ ferromagnetic material M-X(5)/ Ta(20) 

The Al-0 was prepared by forming an Al film having a thickness of 
0.3 to 0.7 nm and applying ICP oxidation to the Al film The CoSm 

10 corresponds to a high coercivity layer. Each film was processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat-treated at 150°C * 
for 1 hour in a magnetic field of 500 Oe so as to impart crystal magnetic 
anisotropy to the Co-Sm. The element area of a sample was 4 jim x 5 jun. 

15 This MR element is a differential coercive force type TMR element - 

having the configuration in accordance with FIG. 1, and a ferromagnetic 
material M-X is used for the free layer 3. The MR ratio of this element was 
examined in the same manner as Example 1. T&ble 5 shows the result, 
together with the ratio of the MR ratio (MR(M-X)) of the above element to 

20 the MR ratio (MR(M)) of an element that used a ferromagnetic material M 
for the free layer 3. 
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TABLES 



Sample No. 


Ferromagnetic material 
M-X 


MR(%) 


MR(M-X)/MR(M) 


(Conventional example) 
eOl 


[Feo.8oCoo.ioNio ioJioo 


30 


1 nn 

1 l.UU 1 


e02 


[Feo.8oCoo.ioNio lolssPts 


41 


J..O / 


e03 


[Feo.8oCoo.ioNio.io]84Pti6 


45 


1.50 


e04 


tx vhj.oUv^uq. 10J63-L t37 


4U 


1.33 




Ferromagnetic material 
M-X 


MR(%) 


MR(M-X)/MR(M) 


(Conventional example) 
e05 


[Feo.45Coo.3oNio 2s]ioo 


31 


1 1 Q 

X.J. 27 


e06 


lFeo.45Coo 3oNio 25]96Pt4 


48 


l.OO 1 


e07 


lFeo.45Coo.3oNio.25]»5Pti5 


43 


1.65 


e08 


i- A *^-45v^U0.301NX0.25J70Xi/30 


OQ 
DO 


1.46 




Ferromagnetic material 
M-X 


MR(%) 


MR(M-X)/MR(M) 


(Conventional example) 
e09 


[Feo^oCoo.isNio eslioo 


18 


1 nn 

l.UU 


elO 


lFeo.2oCooa5Nio.65]99Pti 


20 


i.u 


ell 


1 Ff*n OnC*\f\r\ icMln ^trl«rtT^#-« 

l» x ^.^^^u. 1 5^-^10.65 J 93-Lt 7 




1.39 


el2 


LFeo.2oCoo.i5Nio.65]8oPt2n 


22 


1.22 




M-X 




MR(M-X)/MR(M) 


(Conventional example) 
el3 


[Feo^oCoo. ioNio.7ol 100 


17 


1.00 


el4 


lFeo^)Coo.ioNio.7ol95Pts 


20 


1.18 


el5 


lFeo^oCoo.ioNio.7o]9oPtio 


18 


1.06 




Ferromagnetic material 
M-X 


MR(%) 


MR(M-X)/MR(M) 


(Conventional example) 
el6 


Feo.05Coo.05Nio.90] 100 


15 


1.00 


el7 


.Feo.o5Coo.o5Nio.9o]9ePti 


17 


1.13 


el8 


Feo.05COo.05Nio.9ol85Ptl5 


16 


1.07 



As shown in Table 5, larger MR ratios were obtained from the 
elements of the working examples including the ferromagnetic material M X 
compared with the conventional examples, even if an Fe-Co-Ni ternary alloy 
was used as M. In particular, the MR ratio was increased when the 
composition ratio (q) of Ni was 0.65 or less. 
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flxqmple 6 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ Ni Fe(3)/ 
Pt-Mn(20)/ Co-Fe(3)/ Ru(0.9)/ CoFe(3)/ Al-N(l.O)/ ferromagnetic material 
M-X(5)/Ta(20) 

5 The Al-N was prepared by forming an Al film having a thickness of 

1.0 nm and applying ICP nitridation to the Al film. The ICP nitridation 
was performed in an atmosphere containing nitrogen. The Ta(3)/Ni-Fe(3) 
is an underlying layer for the Pt-Mn. Each film was processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) was formed as 

10 an upper electrode. Subsequently, the element was heat-treated at 280°C 
for 3 hours in a magnetic field of 10 kOe so as to impart unidirectional 
anisotropy to the Pt-Mn. The element area of a sample was 2 |im x 4 jim. 

This MR element is a laminated ferrimagnetic pinned layer 
spin-valve type TMR element, and the Co-Fe(3)/Ru(0.9)/Co-Fe(3) acts as a 

15 pinned layer. A ferromagnetic material M-X is used for the free layer 3. 

The MR ratio of this element was examined in the same manner as Example 
1. Table 6 shows the result. 



20 



25 
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TABLE 6 



Sample No. 
(Conventional example) fOl 


Ferromagnetic material M-X 
[Felioo 


MR(%) 
20 


f02 


[Fe]9oPfePd5 


41 




[Fe] 7 5PtioPdis 


38 


f04 


[Fe] 7 8Pti4Pda 


42 


fns 


[Fe] 5 i Pt35Pdi 4 


35 


(Comparative example) ft>6 


lFe]35 Pt2BP<Ln 


i kJkJ 

_ 


fl>7 


[Fe] 7 o PtajRes 


46 




[Fe]?o Pt24Re« 


42 


£09 


[Fe]7o Pti8Rei2 


38 


*fio 


[Fe]eo PtisReiK 


21 


(Comparative example) fll 


[Fe] 4 ? PtisReaB 


^ a 

6 n 


(Comparative example) f 12 


[Fe]37 Pt48Reis 


3 


fl3 


[Fe]s4 PtisOi 


34 


fl4 


[Fe] 78 Pti 7 O s 


31 


fl5 


[Feles Pt2oOi2 


30 


(Comparative example) fl6 


[Felea Pti 5 022 


11 

A A 


fl7 


[FelgoRhsIrs 


38 

JO 


flft 


[Fe]82 Rhiolrs 


39 


f19 


[Fe] 5 9 EhasIrB 


37 


120 


Lr ej55 Kluolrs 


37 


(Comparative example) £21 


[Fe]35 Rh35lr3o 


3 




Ferromagnetic material M*X 


MR(%) 


(Conventional example) £22 


1Feo.80Nio.20] 100 


29 




Feo.8oNio.2o]86RhioIr4 


51 


£24 


Feo.8oNio^o]8oRhi2lr8 


48 


£25 


[Feo.8oNio.2o]89AleP5 


33 


f2fi 


FecsoNio^olsiAlaPie 


34 


(Comparative example) £27 


tFeo,8oNio^o]74Al3P23 


15 



As shown in Table 6, larger MR ratios compared with the 
conventional examples were obtained, even if two non magnetic elements 
were used as X. For the working example £10 marked with * in Table 6, a 
remarkable increase in the MR ratio was not observed. It is preferable 
that Re should be added in the range of not more than 20%. 
Baaffipig 7 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
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Ni-Fe-Cr(4)/ Pt-Mn(20)/ Co-Fe(3)/ Ru(0.9)/ CoFe(l.5)/ ferromagnetic 
material M-X(l.5)/ Al-O(0.8)/ ferromagnetic material M-X(l)/ Ni-Fe(5)/ 
Ta(l5) 

The method for forming the ATO film was the same as that in 
5 Example 1. Each film was processed in mesa fashion in the same manner 

as Example 1, and Cu(50)/Ta(3) was formed as an upper electrode. 

Subsequently, the element was heat-treated under the same conditions as 

those in Example 1 so as to impart unidirectional anisotropy to the Pt-Mn. 

The element area of a sample was 2 ]im x 3 jun. 
10 This MR element is a laminated ferrimagnetic pinned layer 

spin-valve type TMR element having the configuration in accordance with 

FIG. 5, and a ferromagnetic material M~X is used for a portion of the pinned . 

layer 1 and a portion of the free layer 3. The compositions of the 

ferromagnetic material M*X in both magnetic layers are the same. The 
15 free layer 3 includes an Ni-Fe soft magnetic layer to cause its magnetization , _ 

rotation more easily. The MR ratio of this element was examined in the 

same manner as Example 1. Table 7 shows the result. 
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TABLE 7 



Sample No. 


Ferromagnetic material M-X 


MR(%) 


(Conventional example) gOl 


[Felioo 


26 


e02 


[FelgaPtsAliOi 


. 44 




IFe]83.9 PtisAliOo.i 


45 


gU* 


l-fejsi .FtisAbOi 


48 




lFe] 7 o PtzoAlfiOfi , 


45 


frOR 


IFeJeo PtaaAlisO, 


44 


K<>7 


lFe]49 Pt2lAl250 5 


_ 41 


(Comparative example) g08 


lFeJ 45 PtisALwOs 


12 


p<09 


lFe]64 Pt2sAl,0« 


44 




lFej45 Pts5AkO, B 


46 


(Comparative example) gll 


lFe] 5 2 PtivAlinO*. 


9 


(Comparative example) g 12 


lFe] 3 g Pt4«AL«0 K 


19 



As shown in Table 7, larger MR ratios compared with the 
conventional example were obtained, even if three non magnetic elements 
(X 1 , X2, X3) were used as X. However, when A1(X 2 ) was more than 30%, 
OCX3) was more than 20%, or the total (X) of Pt, Al and O was more than 
60%, the MR ratio became even smaller. 
Example 8 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ Ni-Fe(3)/ 
Ir-Mn(l5)/ Co-Fe(l)/ ferromagnetic material M-X(2)/ Al-O(l.O)/ Ni-Fe(4)/ 
Ru(0.8)/ Ni-Fe(3)/ Ta(20) 

The Al-0 was prepared by forming an Al film having a thickness of 
0.4 nm, oxidizing the Al film in an atmosphere containing oxygen (200 Torr, 
1 min), further forming an Al film having a thickness of 0.6 nm, and 
oxidizing the Al film with ICP oxidation. Each film was processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. Subsequently, the element was heat-treated at 260°C 
for 3 hours in a magnetic field of 5 kOe so as to impart unidirectional 
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anisotropy to the Ir-Mn. The element area of a sample was 2.5 Jim x 4 fim. 

This MR element is a spin -valve type TMR element having the 
configuration in accordance with FIG. 3, and a ferromagnetic material M-X 
is used for a portion of the pinned layer 1. The laminated ferrimagnetic 
5 free layer (Ni-Fe(4)/Ru(0.8)/Ni-Fe(3)) is used as the free layer 3. The MR 
ratio of this element was examined in the same manner as Example 1. 
Table 8 shows the result, together with a coercive force (He) of the laminated 
ferrimagnetic free layer and a shift magnetic field (Hint) from the zero 
magnetic field. When the magnetic fields for reversing the magnetization 
10 of the free layer are represented by Hi and H2 (Hi > H2), the coercive force 
(He) is expressed by He = (Hi - H2V2 and the shift magnetic field (Hint) is 
expressed by Hint = (Hi + H2V2. 



TABLE 8 



Sample No. 


Ferromagnetic 
material M-X 


MR(%) 


Hc(Oe) 


Hint(Oe) 


(Conventional example) hOl 


[Feo.65Nio.35] 100 


25 


45 


30 


h02 


[Feo.65Nio.35]98Mn2 


38 


21 


5 


h03 


[Feo.65Nio.35] 92M118 


37 


16 


4 


h04 


[Feo.65Nio.3s]86Mni4 


34 


15 


6 


h05 


[Feo.65Nio.35]75Mn25 


36 


14 


7 


h06 


[Feo.65Nio^5l99Cri 


31 


19 


6 


h07 


[Feo.65Nio.35l92Cr8 


36 


14 


5 


h08 


[Feo.6sNio.35l8oCr2o 


30 


16 


4 


h09 


[Feo.65Nio.35l94V6 


34 


13 


6 


hlO 


[Feo.65Nio.35]95Pt5 


44 


16 


8 


i hll 


[Fe0.65Ni0.35190pd.10 


41 


19 


6 


hl2 


[Feo.65Nio.35]92lT8 


40 


14 


4 


hl3 


[Feo.65Nio.35]88Rhll2 


42 


15 


5 


hl4 


[Feo.65Nio35l84Rui6 


38 


18 


2 



15 

As shown in Table 8, the ferromagnetic material M-X enabled a 
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larger MR ratio compared with the conventional example and a considerable 
reduction in the coercive force (He) of the laminated ferrimagnetic free layer 
and the shift magnetic field (Hint) from the zero magnetic field. By using 
the ferromagnetic material, an element having an MR ratio of 30% or more, 
5 He of 25 Oe or less, and Hint of 10 Oe or less was obtained. Thus, the 
ferromagnetic material M-X also is effective in improving the soft magnetic 
characteristics. A smaller Hint can improve the symmetry of reproduction 
output in a magnetic head and the symmetry of a current field for writing in 
a magnetic memory. Therefore, the element design can be simplified and 

10 the power consumption can be reduced as well. The reason for such a 
reduction in He and Hint is considered to be that the interface to join the 
ferromagnetic material M-X and the AlO tunnel layer is improved at the 
atomic level so as to improve the soft magnetic characteristics of the free 
layer. 

15 Example 9 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
ferromagnetic material M X(5)/ Al-O(l.O)/ Co(3)/ Ru(0.7)/ Co(3)/ Ir Mn(20)/ 
Ta(25) 

The Al O was prepared in the same manner as Example 1. Each 
20 film was processed in mesa fashion in the same manner as Example 1, and 
Cu(50)/Ta(3) was formed as an upper electrode. Subsequently, the element 
was heat-treated at 280°C for 3 hours in a magnetic field of 10 kOe so as to 
impart unidirectional anisotropy to the Ir-Mn. The element area of a 
sample was 2.5 um x 4 um. 
25 This MR element is a laminated ferrimagnetic pinned layer 

spin-valve type TMR element, and a ferromagnetic material M X is used for 
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the free layer 3. 

In this example, elements that include the ferromagnetic material 
M-X having a composition gradient also were produced. Specifically, the 
ferromagnetic material M-X was formed by the following three methods. 
5 Method (l)- a magnetic element M and a non-magnetic element X 

are sputtered simultaneously while keeping the deposition rate of both 
elements constant. 

Method (2) : a magnetic element M and a non-magnetic element X 
are sputtered simultaneously while changing the deposition rate of both 
10 elements with time. 

Method (3)- a magnetic element M and a non-magnetic element X 
are sputtered alternately. 

In any of the methods, the composition of the ferromagnetic material 
M-X is adjusted to be the same (FessPtis) as a whole in the entire range of 
15 film thickness. The MR ratio of this element was examined in the same 
manner as Example 1. Table 9 shows the result. 



20 



25 
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TABLE 9 



Sample No. 

iOl 


Methods for producing Fe-Pt 
Fe was sputtered in a general manner. 


MR(%) 1 
28 


i02 


Fe and Pt were sputtered simultaneously 
while keeping the deposition rate of both 
elements constant (the method (l)) 


45 


Ivu 


x" e ana ri were sputtered, simultaneously 
while keeping the deposition rate of Fe 
constant and increasing the deposition rate 
of Pt gradually with deposition time (the 
method (2)). 


42 


AV/*± 


r e ana srt were sputtered simultaneously 
while keeping the deposition rate of Fe 
constant and decreasing the deposition rate 
of Pt gradually with deposition time (the 
method (2)). 


43 


i05 


Fe and Pt were sputtered simultaneously 
while keeping the deposition rate of Fe 
constant and increasing the deposition rate 
of Pt in the middle of deposition time (the 
method (2)). 


44 


i06 


Fe and Pt were sputtered alternately to 
form a laminated film having a thickness of 
0.05 umtoliun (the method (3)). 


44 



The elementary analysis based on Auger electron spectroscopy (AES) 
and secondary ion mass spectrometry (SIMS) confirmed that the 
ferromagnetic materials Fe-Pt in the working examples i03 to i05 had a 
composition gradient in the film thickness direction that corresponds to the 
ratio of deposition rate. The free layer of the working example i06 changed 
periodically in the film thickness direction. Table 9 shows that the 
ferromagnetic material M X can increase the MR ratio, even if it is not 
uniform in the film. 

Example in 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
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Pt-Mn(20)/ Co Fe(3)/ Ru(0.7)/ Co-Fe(2)/ ferromagnetic material M-X (a) (l)/ 
AlO(0.7)/ ferromagnetic material M-X (b) (l)/ Ni-Fe(6)/ Ta(25) 

The AlO was prepared by forming an Al film having a thickness of 
0.7 nm and applying ICP oxidation to the Al film. Each film was processed 
5 in mesa fashion in the same manner as Example 1, and Cu(50)/Ta(3) was 
formed as an upper electrode. Subsequently, the element was heat-treated 
at 280°C for 3 hours in a magnetic field of 10 kOe so as to impart 
unidirectional anisotropy to the Pt-Mn. The element area of a sample was 
2.5 fan x 3.5 pm. 

10 This MR element is a laminated ferrimagnetic pinned layer 

spin-valve type TMR element having the configuration in accordance with 
FIG. 5, and a ferromagnetic material M-X (a) is used for a portion of the 
pinned layer 1 and a ferromagnetic material M-X (b) is used for a portion of 
the free layer 3. The free layer includes an Ni-Fe soft magnetic layer. The 

15 MR ratio of this element was examined in the same manner as Example 1. 
Table 10 shows the result. 



20 



25 
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TABLE 10 





Ferromagnetic 
material M-X (a) 


Ferromagnetic 
material M-X (b) 


MR(%) 


(Conventional example) 
jOl 


TFplinn 


ir ej 100 


28 


i02 


rFpl«^Ptie 




51 


j03 


[Fe]8oPt 2 o 


[Fe]8oRh2o 


44 


j04 


lFej9oPtio 


[FeJ 9 4Re6 


41 


j05 


[Fe]s4Pti6 


[Fe]8«Rui2 


38 




Ferromagnetic 
material ivi'A uu 


Ferromagnetic 
material M-X Ob) 




(Conventional example) 
j06 


[Feo.75Coo.25] 100 


[Feo.2oNio.8o] 100 


25 


j07 


[Feo.75COo.25]85Ptl5 


[Feo.2oNio.8o]95Pts 


52 


j08 


[Feo.75COo.25]95Pd5 


[Feo.2oNio.8o]9oPdio 


46 




Ferromagnetic 
material M-X (a) 


Ferromagnetic 
material M-X (b) 




(Conventional example) 
j09 


fFehoo 


[Feo.ioCoo.9o]ioo 


30 




[Fe]8sPti2 


[Feo. ioCoo.9o]9oPdio 


50 


in 


[FelsePdu 


[Feo.ioCoo.9o]94Rh6 


46 



As shown in Table 10, larger MR ratios were obtained by using the 
ferromagnetic material M X, even if M and X included in the opposing 
magnetic layers via the non-magnetic layer were different. 
Kvamplp 1 1 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
ferromagnetic material M-X(5)/ Al-O(0.7)/ Co-Fe(3)/ Ru(0.8)/ Co-Fe(3)/ 
Pt-Mn(20)/Ta(25) 

The Al-O was prepared in the same manner as Example 1. Each 
film was processed in mesa fashion in the same manner as Example 1, and 
Cu(50)/Ta(3) was formed as an upper electrode. Subsequently, the element 
was heat-treated at 280°C for 3 hours in a magnetic field of 10 kOe so as to 
impart unidirectional anisotropy to the Pt-Mn. The element area of a 
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sample was 3 jim x 4 jim. 

This MR element is a laminated ferrimagnetic pinned layer 
spin-valve type TMR element, and a ferromagnetic material M-X is used for 
the free layer 3, The MR ratio of this element was examined in the same 
5 manner as Example 1. Moreover, the crystal structure of the free layer of 
the MR element was examined hy X-ray diffraction with a high-resolution 
transmission electron microscope. Table 11 shows the result. 



TABLE 11 



Sample No. 


Ferromagnetic material 
M-X 


MR(%) 


Crystal structure 


(Conventional example) 
kOl 


[Felioo 


31 


bcc 


k02 


[FeJeoPtto 


57 


bcc, fee 


k03 


[Fe] 7 5Pt2o0 5 


45 


bcc, fee, 
microcrystal 


k04 


[FelgoReio 


43 


bcc, hep, bet 


k05 


[Fe]75Pd25 


47 


bcc, fee 




Ferromagnetic material 
M-X 






(Conventional example) 
k06 


[Feo.4oNio.6ol ioo 


26 


fee 


k07 


[Feo.4oNio.6o]86Cri5 


45 


fee, bcc, bet 


k08 


[Feo.4oNio.6ol85Bi6 1 


38 


microcrystal 



The free layers of the working examples k02 to k05 had a crystal 
structure other than bcc, while Fe of the conventional example kOl had the 
bcc structure. Higher MR ratios were obtained from the working examples 
k02 and k03 including fee. Similarly, the free layers of the working 
examples K07, k08 had a crystal structure other than fee, while Fe-Ni of the 
conventional example k06 had the fee structure. A higher MR ratio was 
obtained from the working example k07 including bcc. The working 
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15 
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examples k03, k08 included microcrystals, whose average crystal grain 
diameter was 10 nm or less. These results are considered to show the 
correlation between changes in crystal structure and in spin polarization. 
Here, when the average crystal grain diameter is not more than 10 nm, the 
5 crystal structure is recognized as microcrystal. 
Example 12 

Conventional example 10 1: 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Pt-Mn(20)/ Co-Fe(3)/Ru(0.8)/ CoFe(3)/ Al-O(l.0)/Ni-Fe(3)/Al-O(l.0)/ 
10 Co-Fe(3)/ Ru(0.8)/ Co-Fe(3)/ Pt-Mn(20)/ Ta(l5) 
Working example 102: 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Pt-Mn(20)/ Co-Fe(3)/ Ru(0.8)/ Co-Fe(l)/ Fe-Pt(2)/ AlO(l.O)/ Fe-Pt(3)/ 
AlO(l.O)/ Fe-Pt(2)/ Co-Fe(l)/ Ru(0.8)/ Co-Fe(3)/ Pt-Mn(20)/ Ta(l5) 

15 The Al-O was prepared in the same manner as Example 1. Each 

film was processed in mesa fashion in the same manner as Example 1, and 
Cu(50)/Ta(3) was formed as an upper electrode. Subsequently, the element 
was heat-treated at 280°C for 3 hours in a magnetic field of 10 kOe so as to 
impart unidirectional anisotropy to the Pt-Mn. The element area of a 

20 sample was 2 jim x 3 um. 

This element is a dual spin-valve type TMR (i.e., a dual tunnel 
junction TMR film), as shown in FIG. 7. In the working example 102, a 
ferromagnetic material M-X (FePt) is used for a portion of the pinned layer 
and the free layer. The composition of FePt is FessPtig. 

25 The bias dependence of the MR characteristics of this element was 

examined in the same manner as Example 1. Table 12 shows bias voltages 
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(Vh) at which the MR ratio is reduced by half. The bias voltages (Vh) of the 
elements having a single tunnel junction (the working example b04 and the 
conventional example bOl, see Example 2) were measured as well. Table 
12 shows the result. 



5 

TABLE 12 



Sample No. 


Voltage at which the MR ratio is reduced by half 
VhfcnV) 


(Conventional example) 101 


950 


(Working example) 102 


1800 


(Conventional example) bOl 


350 


(Working example) b04 


700 



As shown in Table 12, the bias voltage (Vh) was improved 
significantly by using the ferromagnetic material M-X for both the dual 
10 tunnel junction (the working example 102 and the conventional example 10 1) 
and the single tunnel junction (the working example b04 and the 
conventional example bOl). Therefore, the MR element of the present 
invention has superiority in achieving a large-capacity high-speed MRAM. 
Example 13 

15 Si substrate with a thermal oxide film/ 1^(3)/ Cu(50)/ Ta(3)/ 

Ni-Fe-Cr(4)/ Pt-Mn(20)/ Co-Fe(3)/ Ru(0.8)/ Co-Fe (l)/ ferromagnetic material 
M-X(3)/ Cu(3)/ ferromagnetic material M-X(l)/ Ni-Fe(3)/ Ta(l5) 

Each film was processed in mesa fashion in the same manner as 
Example 1, and Cu(50)/Ta(3) was formed as an upper electrode. 

20 Subsequently, the element was heat-treated at 280°C for 5 hours in a 
magnetic field of 5 kOe so as to impart unidirectional anisotropy to the 
Pt-Mn. The element area of a sample was 0.5 pm x 0.5 jim. 
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This MR element is a so-called CPP-GMR element, which has a 
laminated ferrimagnetic pinned layer spin -valve type configuration in 
accordance with FIG. 5 and a non-magnetic layer made of Cu (a conductive 
material). A ferromagnetic material M X is used for a portion of the pinned 
layer 1 and a portion of the free layer 3. The free layer 3 includes an Ni-Fe 
soft magnetic layer. The MR characteristics of this element were examined 
in the same manner as Example 1. 

Table 13 shows the amount of change in resistance <AR), together 
with the amount of change in resistance when the element area was 1 |un a 



TABLE 13 



Sample No. 


Ferromagnetic 
material M-X 


AR(m£2) 


A R for 1 urn 2 
(m£2«nm 2 ) 


(Conventional example) mO 1 


[Felioo 


1.6 


0.40 


m02 


[FelesPtas 


204 


51 


m03 


[Fe] 7 oPd3o 


184 


46 


(Conventional example) m04 


[Feo.ioCoo.9ol loo 


2.2 


0.55 


m05 


[Feo.ioCoo.9o]8oPt2o 


212 


53 


L m06 


lFeo.ioCoo.9o]9oPdio 


200 


50 



As shown in Table 13, the amount of change in resistance was 
increased by using the ferromagnetic material M-X and thus output was 
improved, even in the CPP-GMR element. This may relates to the fact that 
the scattering probability of spin dependence between Fe-Pt and the Cu 
layer was increased and the resistance of Fe-Pt was relatively large. 
Example ia 

Using the CPP-GMR films of the working examples m02, m06 and 
the conventional example m04, a shield-type magnetoresistive magnetic 
head having the structure illustrated in FIG. 11 was produced. An 
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AI2O3-HC substrate was used for the substrate (not shown in FIG. 11), an 
Nio.aFeo.2 plated alloy for the recording magnetic pole 38 and the magnetic 
shields 31, 35, AI2O3 for the insulating film 36, and Au for the electrodes 32, 
34. 

5 Anisotropy was imparted to the magnetic film so that the direction 

of easy magnetization of the free layer provided with the soft magnetic layer 
(ferromagnetic material M-X(l)/Ni-Fe(3)) was perpendicular to the direction 
of a signal magnetic field to be detected, and the axis of easy magnetization 
of the pinned layer provided with the antiferromagnetic layer (Pt-Mn(20)/ 

10 Co-Fe(3)/ Ru(0.8)/ Co-Fe(4)/ ferromagnetic material M-X(2)) was parallel to 
that direction. Specifically, after the formation of the MR element, the 
direction of easy magnetization of the pinned layer was determined by 
performing heat treatment at 280°C in a magnetic field of 5 kOe, and then 
the axis of easy magnetization of the free layer was determined by 

15 performing heat treatment at 200°C in a magnetic field of 100 Oe while 
applying the magnetic field perpendicular to the direction of easy 
magnetization of the pinned layer. 

The track width of the reproducing portion of the CPP-GMR element 
was 0. 1 |im, and the MR height was also 0. 1 jim. A direct current was 

20 supplied as a sense current to these heads, and outputs of the heads were 
evaluated by applying an alternating-current signal magnetic field of 50 Oe. 
Though no output was obtained from the conventional example m04, an 
output of not less than 15 mV/fun was obtained from the working examples 
m02, m06. A commercially available GMR head (a normal CEP-GMR head) 

25 provided an output of 1.3 mV/jun. As described above, the magnetic heads 
using the GMR film of the working example provided larger outputs 
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compared with the conventional head. When this magnetic head is used ii 
an HDD having the configuration illustrated in FIG. 13, an areal recording 
density of not less than 100 Gbit/in 2 can be achieved. 
Example IS 

Using the TMR films of the working examples a06, b04 and the 
conventional examples aOl, bOl in Examples 1 and 2, a yoke-type 
magnetoresistive magnetic head illustrated in FIG. 12 was produced. A 
Nio.sFeo.2 plated alloy was used for the upper and lower shields 41a, 41b. 
In this example, the TMR film was formed in reverse order to the above 
examples after Ni-Fe of the lower shield was subjected to CMP polishing. 
Specifically, the film was formed from the Co-Fe film (for the samples a06, 
aOl) and the Ni-Fe film (for the samples b04, bOl), and finally the Pt-Mn 
film was deposited, on which the electrode film (Au) was formed. The 
element size of a reproducing head portion was 0.3 jim x 0.3 jim. A direct 
current was supplied as a sense current to the heads thus produced, and 
outputs of the heads were evaluated by applying an alternating-current 
signal magnetic field of about 50 Oe. Table 14 shows the result, comparing 
the outputs of the heads of the working examples a06, b04 with those of the 
conventional examples aOl, bOl, respectively. 



TABLE 14 



Sample No. 


Output 


(Conventional example) aOl 


1.0 


a06 


2.2 


(Conventional example) bOl 


1.0 


b04 


1.9 



As shown in Table 14, the magnetic heads using the TMR film of the 
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working example provided larger outputs compared with the conventional 
head. 

Example 16 

An integrated memory was formed on a CMOS substrate with 
5 memory devices having a basic configuration as shown in FIG. 15. The 
device array consisted of eight blocks, each including 16 x 16 memory 
. devices. Here, the TMR elements of the working example a07 and the 
conventional example aOl in Example 1 were used as the memory devices. 
The cross-section area of the element of each sample was 0.2 jim x 0.3 jim. 

10 One device of each block was used as a dummy device for canceling wiring 
resistance, the minimum resistance of the devices, and FET resistance. 
The word lines, the bit lines, or the like were made of Cu. 

In each of the eight devices of the eight blocks, the magnetization of 
the free layer (in this case, the Co-Fe(3) film) was reversed simultaneously 

15 by a synthetic magnetic field from the word line and the bit line, and thus • 
signals of 8 bits were recorded on the devices. Next, the gate of an FET 
that was produced by CMOS was turned on for each device of the respective 
blocks, thereby causing a sense current to flow. At this time, a comparator 
compared a voltage generated at the bit lines, the devices, and the FETs in 

20 each block with a dummy voltage, and eight-bit information was read 

simultaneously from the output voltage of each device. The output of the 
magnetic memory using the TMR elements of the working example was 
about twice as high as that of the magnetic memory using the TMR 
elements of the comparative example. 

25 In the following examples 17 to 19, the thermal stability of an MR 

element including a ferromagnetic material M-X was examined in more 
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detail. 

Si substrate with a thermal oxide film/ Ta (3)/ Cu(50)/ Ta(3)/ 
Ni-Fe-Cr(4)/ Pt-Mn(20)/ Co-Fe(3)/ Ru(0.9)/ Co-Fe(l)/ ferromagnetic material 
5 M-X(2)/ Al-O(l.O)/ ferromagnetic material M-X(2)/ Ni-Fe(5)/ Ta(l5) 

TheAlO was prepared in the same manner as Example 1. Each 
film was micro-processed in mesa fashion in the same manner as Example 1, 
and Cu(50)/Ta(3) was formed as an upper electrode. Subsequently, the 
element was heat-treated at 280°C for 5 hours in a magnetic field of 5 kOe 
10 so as to impart unidirectional anisotropy to the Pt-Mn. The element area 
of a sample was 1 pm x 1.5 jim. 

This MR element is a laminated ferrimagnetic pinned layer 
spin-valve type TMR element having the configuration in accordance with 
FIG. 5, and a ferromagnetic material M-X is used for a portion of the pinned 
15 layer 1 and a portion of the free layer 3. The free layer 3 includes an Ni-Fe 
soft magnetic layer. The compositions of the ferromagnetic material M-X 
are as follows. For comparison, elements including Fe and Fe-Co instead of 
the ferromagnetic material M-X also were produced. 

20 



25 
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TABLE 15 



Sample No. 


Ferromagnetic material M*X 


(Conventional example) nOl 


Feioo 


(Conventional example) n02 


[Feo.25Coo.75] 100 


n03 


Fe82Ptl8 


n04 


[Feo. ioCoo.9o]9oP 1 10 


n05 


[Feo.7oNio.3o]s5Pti5 


I n06 


[Feo.8oNio.2o]95lr5 


n07 


[Feo.25COo.75]75Pd25 


n08 


[Feo.5oCoo.5o]8aAli2 


n09 


[Feo.9oNio.io]92Res 


nlO 


[Feo. 15CO0.85]94B6 


nil 


[Feo.2oNio.8o]87C 13 



To examine the thermal stability of this spin-valve type TMR 
element, heat treatment was performed in a vacuum (l x 10*6 Torr or less) at 
5 a temperature up to 450°C without applying a magnetic field. The 

temperature profile was as follows' the temperature was raised from a room • 
temperature to a target temperature for the heat treatment over a period of 
2 hours, then maintained at the target temperature for 1.5 hours, and 
lowered to a room temperature over a period of about 5 hours. After the 

10 heat treatment, the MR characteristics of this element were examined in 
the same manner as Example 1. 

FIG. 18 shows a standard MR ratio (MR(T)/MR(280°C)) versus heat 
treatment temperature. Here, MR(T) is the MR ratio after heat treatment 
at a temperature of T°C, and MR(280°C) is the MR ratio after heat 

15 treatment that is performed at 280°C for 5 hours in a magnetic field of 5 

kOe so as to impart unidirectional anisotropy to the Pt-Mn. FIG. 19 shows 
a standard MR ratio versus Pt content in the element (n03) that used Fe-Pt 
as the ferromagnetic material M-X. In FIG. 19, a minimum amount of Pt 
added is 0.05 at%. 
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As shown in FIG. 18, the MR ratio reduced sharply with an increase 
in heat treatment temperature in the conventional examples. However, 
excellent thermal stability was achieved in the working examples. FIG. 19 
shows that thermal stability decreased rapidly when the Pt content was 
5 more than 60%. As shown in FIG. 19, the addition of Pt, even in trace 
amounts, improves the stability particularly for heat treatment at high 
temperatures. However, it is preferable that the Pt content (X 1 ) is not less 
than 0.05%, more preferably not less than 1%, most preferably not less than 
5%. When the Pt content is in the range of 1 to 60 at%, a reduction in MR 
10 ratio after heat treatment at a temperature up to 450°C is suppressed to 
20% or less. 
Example lft 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Pt-Mn(20)/ pinned layer/ Al-N-O(l.O)/ Ni-Fe(5)/ Ta(l5) 

15 The Al-N-O was prepared by forming an Al film having a thickness 

of 1.0 nm and applying ICP oxynitridation to the Al film in an atmosphere 
containing oxygen and nitrogen. After the formation of the above films , the 
element was heat-treated at 260°C for 5 hours in a magnetic field of 5 kOe 
so as to impart unidirectional anisotropy to the Pt-Mn. Moreover, each film 

20 was micro-processed in mesa fashion in the same manner as Example 1, and 
Cu(50)AEa(3) was formed as an upper electrode. The element area of a 
sample was 0.5 um x 0.2 pan.. 

This MR element is a laminated ferrimagnetic pinned layer 
spin-valve type TMR element having the configuration in accordance with 

25 FIG. 2. As shown in Table 16, a laminated ferrimagnetic pinned layer of 

ferromagnetic material MX/nonmagnetic layer/ferromagnetic material M X, 
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a single pinned layer, or a two-layered pinned layer is used as the pinned 
layer 1. 



TABLE 16 



Sample No. 


Pinned layer 


(Conventional example) pO 1 


! [Feo.7oCoo.3o]ioo(3)/Ru(0.8)/[Feo.7oCoo.3o]ioo(3) 


p02 


[Feo^oCoo.7o]76Pt 2 5(3)/Ru(0.8) [Fe0.7oCO0.30]75Pt25(3) 


p03 


[Feo.7oCoo.3o]65Pt35(3)^Ru(0.8)/[Feo.7oCoo.3o]ioo(3) 


p04 


[Co]9oPdio(2.5)/Ru(0.7)/[Co] 7 oPd3o(3) 


p05 


[Fe]9oPtio(2.5)/Cr(0.9)/[Fe]9oPt 10 (3) 


P06 


[Fe]7oIr3o(2)/Co(l)/Ru(0.8)/Co(l)/[Fe]7oIr3o(2) 


(Conventional example) p07 


[Feo.7oNio jso] ioo(5) 


p08 


[Feo.7oNio.ao]9oCrio(5) 


p09 


lFeo.7oNio.3o]9oCrio(2)/ (Feo.7oNio.3o]96Mn6(3) 


plO 


[Ck)]9oPtio(4) 


PH 


[Ni] 9 2Rn8(3) 


pl2 


[Fe] 7 oPt3o(5) 


pl3 


[Fe 25 Co75]ioo(l)/[Fe]85Pdi6(5) 


pl4 


[Feo.7oNio^o]86Rui4(2)/[Feo.7oNio.3o] ioo(3) 



5 The substrate is on the left. 



The figures in parentheses denote the film thickness in nm. 



Subsequently, the element thus produced was heat-treated in a 
magnetic field at a temperature up to 450°C. Then, the MR characteristics 
10 were examined in the same manner as Example 1. FIGS. 20 and 21 show 
the result. 

As shown in FIG. 20, the thermal stability of the element was 
improved by using the ferromagnetic material M-X for at least one of a pair 
of magnetic films that constitute the laminated ferrimagnetic pinned layer. 
15 In particular, the thermal stability was improved significantly when the 

ferromagnetic material was used for at least the magnetic film on the side of 
the tunnel insulating layer (p02, p04 to p06). Moreover, excellent thermal 
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stability also was achieved by the element p06, in which the 
antiferromagnetic exchange coupling of the magnetic layers separated by Ru 
was strengthened by providing Co alloy (interface magnetic layers) at the 
interfaces of the non-magnetic layer (Ru) of the laminated ferrimagnetic 
5 pinned layer. 

As shown in FIG. 21, the thermal stability was improved also when 
a two-layered magnetic layer was used as the pinned layer, and the 
ferromagnetic material M-X was used for one of the two layers. 
Example 19 

10 Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ free 

layer/ AlO(0.8)/ Co-Fe(2.5)/ Ru(0.8)/ Co-Fe(2.5)/ Pt-Mn(l5)/ Ta(l5) 

The Al-0 was prepared in the same manner as Example 1. After 
the formation of the above films, the element was heat-treated at 280°C for 
3 hours in a magnetic field of 5 kOe so as to impart unidirectional 

15 anisotropy to the Pt-Mn. Moreover, each film was micro-processed in mesa 
fashion in the same manner as Example 1, and Cu(50)/Ta(3) was formed as 
an upper electrode. The element area of a sample was 0.1 jim x 0.2 pm. 
Here, single- or multi-layer films represented by qOl to q08 in Table 17 were 
used as the free layer. The magnetoresistance of this element was 

20 measured at room temperature, and the coercive force (He) of the free layer 
at that time was examined. Table 17 shows the results together. 
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TABLE 17 



Sample No. 


Free layer 


Hc(Oe) 


(Conventional example) 
qOl 


[Feo.20Nio.80] ioo(3) 


98 


q02 


[Feo.2oNio.ao]85Pti6(3) 


60 


q03 


[Feo.2oNio.8o]ioo(2)/[Feo.2oNio.8o]85Pti5(l) 


62 


q04 


[Feo.2oNio.8o]85Ptx 6 (l)/[Feo.2oNio.8o]ioo(2) 


63 


(Conventional example) 
q05 


[Feo.2oNio.8o]ioo(2)/Ru(0.8)/[Feoj»Nio.8o]ioo(3) 


74 


q06 


[Feo^oNio.8o]ioo(2)/Ru(0.8)/[Feo.2oNio.8o]75Pt25(3) 


51 


q07 


lFeoj«jNio^o]76Pt26(2)/Ru(0.8)/[Feo^oNioio]75Pt28(3) 


50 


! q08 


[Feo.2oNio.8o]75Pt2s(2)/Ru(0.8)/[Feo.2oNio.8o]ioo(3) 


48 



The substrate is on the left. 

The figures in parentheses denote the film thickness in nm. 



5 Subsequently, the element thus produced was heat-treated in a 

magnetic field at a temperature up to 400°C. Then, the MR characteristics 
were examined in the same manner as Example 1. FIG. 22 shows the 
result. 

As described above, the elements that used the ferromagnetic 
10 material M-X (FeNiPt) for the free layer achieved a considerable 

improvement in the soft magnetic characteristics of the free layer and the 
MR ratio. 

The following sample was formed on a Si substrate provided with a 
15 thermal oxide film by multi-target magnetron sputtering, and the MR 
characteristics and the thermal stability were examined. 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ free 
layer(4)/ Al-O(0.8)/ pinned layer/ Ir-Mn(20)/ Ta(l5) 

The Al-O was prepared in the same manner as Example 1. Each 
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film was micro-processed in mesa fashion in the same manner as Example 1, 
and Cu(50)/Ta(3) was formed as an upper electrode. Subsequently, the 
element was heat-treated at 280°C for 5 hours in a magnetic field of 5 kOe 
so as to impart unidirectional anisotropy to the Ir-Mn. The element area of 
5 the sample was 0.5 jim x l jun. This MR element has the configuration of a 
TMR element in accordance with FIG. 2. Here, MR elements for different 
pinned layers, each including a ferromagnetic material M-X, were produced 
and thermal stability was examined. In Table 18, Feo.sNio.2 was used for 
the free layers of rOl and r05 and [Feo sNio^ToPtso was used for the free 

10 layers of the other samples. To examine the thermal stability, the elements 
were heat-treated in a vacuum while applying a magnetic field of 5 kOe, 
which then were maintained at their respective target temperatures for 5 
hours. Thereafter, the magnetoresistance was measured at room 
temperature. FIG. 23 shows the dependence of the MR ratio on heat 

15 treatment temperature. 



TABLE 18 



Sample No. 


Pinned layer 


(Conventional example) rOl 


L [Feo^5Coo.75]ioo(4) 


r02 


[Feo.60COO60]96Pt6(4) 


r03 


Co(l)/[Feo. TO Nio5o]86Pti5(1.5)/Co(2) 


r04 


Co(2)/[Fe]76Pt 2 5(2) 


(Conventional example) r05 


Co(3)/Ru(0.8)/Co(3) 


r06 


[Fe]85Pti 5 (2.5)/Co(l)/Ru(0.8)/Co(3) 


r07 


lFeo.7Cooj9oPtio(2)/Co(0.5)/Ru(0.8)/Co(2.5) 


r08 


IFeo^Nioj85PtioPd6(2)/Co(l)/Ru(0.8)/Co(4) 


r09 


[Feo.7BNio^5]8oPt2o(2)/Ck)(l)/Ru(0.8)/Co(4) 



The substrate is on the left. 



The figures in parentheses denote the film thickness in nm , 
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The following sample was formed on a Si substrate provided with a 
thermal oxide film by multi-target magnetron sputtering, and the ME 
characteristics and the thermal stability were examined, 
5 Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ Cr(4)/ 

laminated ferrimagnetic pinned layer/ Al-N(l.O)/ Co-Fe(l)/ Ni-Fe(3)/ Ta(l5) 

Here, the thickness (1.0) of AL-N represents a total of designed 
thicknesses of Al before nitridation. The Al-N was prepared with ICP 
nitridation. Each film was micro-processed in mesa fashion in the same 

10 manner as Example 1, and Cu(50)/Ta(3) was formed as an upper electrode, „ 
The element area of the sample was 2 \im x 4 \xm. For this MR element, 
the pinned layer was a laminated ferrimagnetic material shown in Table 19, 
and the free layer was a two-layer film of Co-Fe/Ni-Fe. The MR element 
was heat-treated at temperatures from a room temperature to 450°C 

15 without applying a magnetic field, and then the thermal stability for an MR 
ratio was examined. The magnetoresistance measurements were made at 
room temperature while applying a maximum magnetic field of 500 Oe after 
each heat treatment. FIG. 24 shows the heat treatment temperature 
dependence of the MR ratio after heat treatment with respect to the MR 

20 ratio before the heat treatment. 



TABLE 19 



Sample No. 


Laminated ferrimagnetic pinned layer 


(Conventional example) sO 1 


Co(3)/Ru(0.8)/Co(3) 


s02 


[Co]9oPtio(3)/Ru(0.8)/[Co]9oPtio(3) 


s03 


[Fe] 7 oPt3o(2.5)/Cr(0.9)/[Fe] 7 oPt3o(3) 


! s04 


Co(3)/Ru(0.8)/Co(2.5)/[Fe]86Vi 6 (0.5) 


! s05 


lFe]5oPt6o(l)/Co(2)/Ru(0.8)/Co(2)/[Fe]9oPtio(l) 
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The substrate is on the left. 

The figures in parentheses denote the film thickness in nm. 
Example 99 

5 The following sample was formed on a Si substrate provided with a 

thermal oxide film by multi-target magnetron sputtering, and the MR 
characteristics and the thermal stability were examined. 

Si substrate with a thermal oxide film/ Ta(3)/ Cu(50)/ Ta(3)/ 
Ni-Fe-Co(4)/ Pt-Mn(l5)/ Co-Fe<2)/ pinned layer 1/ Al-O(l.O)/ free layer/ 
10 Al-O(l.O)/ pinned layer 2/ Co-Fe(2)/ Pt-Mn(l5)/ Ta(l5) 

The method for forming the AlO was the same as that in Example 1. 
After the formation of the above films, the element was heat-treated at 
280°C for 3 hours in a magnetic field of 5 kOe so as to impart unidirectional 
anisotropy to the Pt-Mn. Moreover, each film was processed in mesa 
15 fashion in the same manner as Example 1, and Ta(5)/Pt(l0)/Cu(50)AIa(3) 
was formed as an upper electrode. The element area of the sample was 0.5 
Jim x 0.3 um. 

This element is a dual spin-valve type TMR element as shown in 
FIG. 6. Table 20 shows the magnetic films used for the pinned layers 1, 2 
20 and the free layer in the film structure described above. 



TABLE 20 



Sample No. 


Pinned layers 1, 2 


Free layer 


Output 
(mV) 


(Conventional example) 

toi 


Feo. 3 Coo.7(2) 


Feo.4Nio.e(3) 


70 


t02 


[Feo^oNio.8o]85Pti 5 (2) 


[Feo.2oNio *)]75Pt25(3) 


270 


t03 


[Feo.5oCoo.5o]9oPtio(2) 


[Feo,4oNioCT]65Pt3s(3) 


234 
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The outputs were obtained when a bias voltage of IV was applied to each element after 
heat treatment at 400°C. 

After the mesa-type TMR element was produced, heat treatment 
5 was performed at each of temperatures ranging from 280°C to 400°C for 1 
hour in a magnetic field of 5 kOe, followed by measurement of the 
magnetoresistance and the I-V characteristics at room temperature. FIG, 
25 shows an MR ratio at each heat treatment temperature. Table 20 shows 
the outputs obtained when a bias voltage of IV was applied to the element 

10 after heat treatment at 400°C. As shown in FIG. 25, the MR 

characteristics stability can be improved when the ferromagnetic material 
M-X is used, even in the dual spin-valve type TMR element. Moreover, it is 
also possible to provide the element that is capable of maintaining a high 
output even after heat treatment at 400°C. 

15 The invention may be embodied in other forms without departing 

from the spirit or essential characteristics thereof. The embodiments 
disclosed in this application are to be considered in all respects as 
illustrative and not limiting. The scope of the invention is indicated by the 
appended claims rather than by the foregoing description, and all changes 

20 which come within the meaning and range of equivalency of the claims are 
intended to be embraced therein. 

Industrial Applicability 

The present invention can provide an MR element having a larger 
25 MR ratio and excellent thermal stability compared with a conventional 
element. The MR element of the present invention also can improve the 
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characteristics of magnetic devices, such as a magnetoresistive magnetic 
head, a magnetic recording apparatus including the magnetoresistive 
magnetic head, and a high-density magnetic memory (MRAM). 
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CLAIMS 

1. A magnetoresistive element comprising- 

a multi-layer film comprising at least two magnetic layers and at 
5 least one non-magnetic layer interposed between the two magnetic layers, 
wherein a resistance value changes with a relative angle formed by 
magnetization directions of the at least two magnetic layers, and 

at least one of the magnetic layers includes a ferromagnetic material 
M-X expressed by Mioo-aXa, where M is at least one element selected from 
10 the group consisting of Fe, Co and Ni, and X is expressed by 

X 1 bX 2 c X 3 d, where X 1 is at least one element selected from the group 
consisting of Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt and Au, X 2 is at least one element 
selected from the group consisting of Al, Sc, Ti, V, Cr, Mn, Ga, Ge, Y, Zr, Nb, 
Mo, Hf, Ta, W, Re, Zn and lanthanide series elements, X 3 is at least one 
15 element selected from the group consisting of Si, B, C, N, O, P and S, and a, 
b, c and d satisfy the following equations" 
0.05 < a < 60, 
0<b<60, 
0 < c < 30, 
20 0 < d < 20, and 

a = b + c + d. 

2. The magnetoresistive element according to claim 1, wherein b and c 
satisfy b + c > 0. 

25 

3. The magnetoresistive element according to claim 2, wherein b and c 
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satisfy b > 0 and c > 0. 

4. The magnetoresistive element according to claim 1, wherein b and d 
satisfy b + d > 0. 

5 

5. The magnetoresistive element according to claim 4, wherein b and d 
satisfy b > 0 and d > 0. 

6. The magnetoresistive element according to claim 1, wherein the 
10 magnetic layers comprise a free layer and a pinned layer, and the 

magnetization of the free layer is relatively easier to rotate by an external 
magnetic field than the magnetization of the pinned layer. 

7. The magnetoresistive element according to claim 6, wherein the free 
15 layer includes the ferromagnetic material Ml 

8. The magnetoresistive element according to claim 6, wherein the 
pinned layer includes the ferromagnetic material M X. 

20 9. The magnetoresistive element according to claim 6, wherein an 

absolute value of a shift magnetic field of the free layer is not more than 20 
Oe, and the shift magnetic field Hint is defined by 

Hint = (Hi + H2V2 

25 

where Hi and H2 (Hi > H2) are two magnetic fields indicated by the points on 
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a magnetization -magnetic field curve (M-H curve) at which magnetization is 
zero, the curve showing the relationship between the magnetic field and the 
magnetization. 

5 10. The magnetoresistive element according to claim 6, further 
comprising an antiferromagnetic layer for suppressing magnetization 
rotation of the pinned layer. 

11. The magnetoresistive element according to claim 1, wherein the 
10 magnetic layer that includes the ferromagnetic material M-X is a 

multi-layer film comprising magnetic films, and at least one of the magnetic 
films includes the ferromagnetic material M-X. 

12. The magnetoresistive element according to claim 11, wherein the 
15 magnetic film that includes the ferromagnetic material M-X is in contact 

with the non-magnetic layer. 

13. The magnetoresistive element according to claim 1, wherein the 
magnetic layer that includes the ferromagnetic material M-X comprises a 

20 non-magnetic film and a pair of magnetic films sandwiching the 
non-magnetic film. 

14. The magnetoresistive element according to claim 1, wherein the 
non-magnetic layer is made of a conductive material. 

25 

15. The magnetoresistive element according to claim 14, wherein the 

71 



WO 02/088765 



PCT/JP02/04062 



conductive material comprises at least one selected from the group 
consisting of Cu, Ag, Au, Cr and Ru. 

16. The magnetoresistive element according to claim 1, wherein the 
non-magnetic layer is made of an insulating material. 

17. The magnetoresistive element according to claim 16, wherein the 
insulating material comprises at least one selected from an oxide, a nitride 
and an oxynitride of Al. 



18. The magnetoresistive element according to claim 1, further 
comprising a pair of electrode layers for allowing current to flow 
perpendicular to layer surfaces of the layers. 



19. The magnetoresistive element according to claim 1, wherein the 
ferromagnetic material M-X has a composition gradient in a thickness 
direction. 

20. The magnetoresistive element according to claim 1, wherein the 
ferromagnetic material M-X has a crystal structure that differs from a 
preferential crystal structure of a material made of M at ordinary 
temperatures and pressures. 



21. The magnetoresistive element according to claim 20, wherein the 
crystal structure of the ferromagnetic material M-X includes at least one 
selected from fee and hoc. 
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22. The magnetoresistive element according to claim 1, wherein the 
ferromagnetic material M*X is formed of a mixed crystal including at least 
two crystal structures. 

5 

23. The magnetoresistive element according to claim 22, wherein the 
mixed crystal includes at least two selected from the group consisting of fee, 
fct, bec, bet and hep. 

10 24. The magnetoresistive element according to claim 1, wherein the 
ferromagnetic material M*X is crystalline. 

25. The magnetoresistive element according to claim 24, wherein the 
ferromagnetic material M-X is made of columnar crystals having an average 

15 crystal grain diameter of 10 nm or less. 

26. The magnetoresistive element according to claim 1, wherein M is 
expressed by Fei - P - q CopNiq, where p and q satisfy the following equations: 

0<p<l, 
20 0<q<0.9, and 

P + q<l. 

27. The magnetoresistive element according to claim 26, wherein q 
satisfies 0 < q < 0.65. 

25 

28. The magnetoresistive element according to claim 1, wherein M is 
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expressed by Fei -qNiq, where q satisfies the following equation: 
0<q<0.95. 

29. The magnetoresistive element according to claim 1, wherein M is 
5 expressed by Fei - p Cop, where p satisfies the following equation: 

0 <p<0.95. 

30. The magnetoresistive element according to claim 1, wherein X is at 
least one element selected from the group consisting of V, Cr, Mn, Ru, Rh, 

10 Pd, Re, Os, Ir and Pt. 

31. The magnetoresistive element according to claim 30, wherein X is Pt 
and a satisfies the following equation: 

0.05 < a < 50. 

15 

32. The magnetoresistive element according to claim 30, wherein X is at 
least one selected from Pd, Rh and Ir and a satisfies the following equation: 

0.05 < a < 50. 

20 33. The magnetoresistive element according to claim 30, wherein X is at 
least two elements selected from the group consisting of V, Cr, Mn, Ru, Rh, 
Pd, Re, Os, Ir and Pt. 

34. The magnetoresistive element according to claim 33, wherein X is 
25 expressed by PtbRec, where b and c satisfy the following equations: 
0<b<50, 
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0<C<20, 

a = b + c, and 
0.05 < a < 50. 

5 35. The magiietoresistive element according to claim 33, wherein X is 
expressed by PtbiPdb2, where bi and b2 satisfy the following equations' 
0 < bi < 50, 
0 < b2 < 50, 
a = bi + b2, and 
10 0.05 < a < 50. 

36. The magnetoresistive element according to claim 33, wherein X is 
expressed by Rhulrb2, where bi and b2 satisfy the following equations* 

0 < bi < 50, 
15 0 < b 2 < 50, 

a = bi + b2, and 

0.05 < a i^O^^f IV irKt , 

37. A magnetoresistive magnetic head comprising: 

20 the magnetoresistive element according to claim 1 and 

a magnetic shield for suppressing a magnetic field other than that to 
be detected by the magnetoresistive element from penetrating into the 
element . 



25 38. A magnetoresistive magnetic head comprising' 

the magnetoresistive element according to claim 1 and 
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a yoke for introducing a magnetic field to be detected into the 
magnetoresistive element. 

39. A magnetic recording apparatus comprising: 

5 the magnetoresistive magnetic head according to claim 37 or 38. 

40. A magnetoresistive memory device comprising: 
the magnetoresistive element according to claim l; 

an information recording conductor line for recording information on 
10 the magnetoresistive element; and 

an information reading conductor line for reading the information. 



TH!SfMlMW T0) 



BEST 



76 



WO 02/088765 PCT/JP02/04062 




FIG. 3 
1/14 



THIS PAGE BLANK (uspto) 



WO 02/088765 



PCT/JP02/04062 




2/14 



THIS PAGE BLANK (usptoj 



WO 02/088765 



PCT/JP02/04062 




FIG. 6 




FIG. 7 
3/14 



THIS PAGE BUMK (uspto) 



WO 02/088765 



PCT/JP02/04062 




FIG. 9 



4/14 



'Pais PAGE BLAHK 



(USPTO) 



WO 02/088765 PCT/JP02/04062 




34 33 32 



FIG. 11 



5/14 



THIS PAGE BLANK (uspto) 



WO 02/088765 



PCT/JP02/04062 



41a 



Reproduction gap 




43 41b 

FIG. 12 




FIG. 13 



6/14 



THIS PAGE BLANK (uspto) 



WO 02/088765 PCT/JP02/04062 




7/14 



THIS PAGE BLAI^K (uspto) 



WO 02/088765 



PCT/JP02/04062 




62 



5 



-3^ 

-2 Hi 
□ 



63 



Writing operation 



64 



Reading operation 



FIG. 15A 



FIG. 15B 




Writing operation Reading operation 

FIG. 16A FIG.16B 



8/14 



THIS PAGE BUkHK (uspto) 



PCT/JP02/04062 




Writing operation 



62 



-3^ 

-2^61 



-63 



Reading operation 



FIG. 17A 



FIG. 17B 



(Conventional 
example) nOI 
n04 
n07 
nIO 



(Conventional 
example) n02 
n05 
n08 
n11 



n03 
n06 
n09 



§0.8 

CO 
CM 

cc 0.6 



a: 



0.4 



0.2 



1.0 - 



0.0 



250 



Conventional 
examples 




300 



350 



400 



450 



Heat treatment temperature (°C) 

FIG. 18 



9/14 



THIS PAGE BUNK (uspto) 



02/088765 



PCT/JP02/04062 



1.2 




0 10 20 30 40 50 60 70 80 
Pt content (at%) of [Fe] 100-aPta 



FIG. 19 



50 



(Conventional 
example)p01 
p04 


-*- p02 
-e- p05 


p03 
p06 






Heat treatment temperature (°C) 

FIG. 20 



10/14 




I BLAMK (uspto) 



WO 02/088765 PCT/JP02/04062 




250 300 350 400 450 

Heat treatment temperature (°C) 



FIG. 21 



— *- (Conventional 


q02 


q03 


exampie)q01 


-•- (Conventional 


-B- q06 


-e- q04 


example)q05 




-i- q07 


-*- q08 






Heat treatment temperature (°C) 



FIG. 22 



11/14 



THIS PAGE BLANK (uspto) 



WO 02/088765 



PCT/JP02/04062 



70 




200 300 400 



Heat treatment temperature (°C) 

FIG. 23 




o o 1 » ■ 1 L - 

0 100 200 300 400 

Heat treatment temperature (°C) 

FIG. 24 



12/14 



THIS PA&E BLANK (uspto) 



U j: ** f» 



WO 02/088765 



PCT/JP02/04062 



60 




0 1 1 1 *- 

250 300 350 400 

Heat treatment temperature (°C) 

FIG. 25 



13/14 



THIS PAQI BLANK (uspto) 



WO 02/088765 



PCT/JP02/04062 



M 







Ho 


H1+H2 
2 




I 0 


C Hint =l 











FIG. 26A 



MR 



i 












Ri 




fi 
11 


2 j 




/ 1 

/1 

/ 1 
/ 1 

y 1 






H 2 


0 H t +H 2 Hi 


H 



FIG. 26B 



14/14 



THIS PAGE BLANK (uspto) 



INTERNATIONAL SEARCH REPORT 



ional Application No 

/JP 02/04062 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 G01R33/09 H01F10/12 



According to International Patent Classification (IPC) or to both national classification and IPC 



6. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 G01R H01F 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

PAJ, WPI Data, INSPEC, EPO-Internal 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation of document, with indication* where appropriate, of the relevant passages 



Relevant to claim No. 



DE 198 48 776 A (ALPS ELECTRIC CO LTD) 
29 April 1999 (1999-04-29) 



page 3, line 8 -page 4, line 40 

EP 0 717 422 A (TOKYO SHI BAURA ELECTRIC 
CO) 19 June 1996 (1996-06-19) 
page 3, line 23 -page 4, line 48 

EP 0 871 231 A (ALPS ELECTRIC CO LTD) 
14 October 1998 (1998-10-14) 
column 6, line 10 - line 30 
column 7, line 40 -column 8, line 58 

-/- 



1-8, 
10-15, 
31-37, 
39,40 



1-8, 
10-15 



1-8, 

10-15,19 



Further documents are listed in the continuation of box C. 



0 



Patent family members are listed in annex 



° Special categories of cited documents : 

•A" document defining the general state of the art which is not 
considered to be of particular relevance 

"E* earlier document but published on or after the international 



■L' document which may throw doubts on priority daim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

■O* document referring to an oral disclosure, use, exhibition or 
other means 

°P° document published prior to the international fifing date but 
later than the priority date claimed 



T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

*Y* document of particular relevance; the claimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the international search 



1 August 2002 



Date of mailing of Ihe international search report 



08/08/2002 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patent laan 2 
NL - 2280 HV Rijswijk 
TeL (+31-70) 340-2040, Tx. 31 651 epo nl, 
Fax (+31-70) 340-3016 



Authorized officer 



Swart jes, H 



Porm PCTASA/210 (second sheet) (July 1002) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 




iQttrationaJ Application No 

W/JP 02/04062 



C .(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT 



Cflation of document with indication .where appropriate, of the relevant 



Relevant to claim No. 



EP 0 674 327 A (NIPPON ELECTRIC CO) 
27 September 1995 (1995-09-27) 
page 3, line 1 -page 4, line 57 
page 5, line 26 - line 28 

PATENT ABSTRACTS OF JAPAN 

vol. 1998, no. 08, 

30 June 1998 (1998-06-30) 

& JP 10 060607 A (ALPS ELECTRIC CO 

LTD ; MASUMOTO TAKESHI; IN0UE AKIHISA) 

3 March 1998 (1998-03-03) 

abstract 

US 6 005 753 A (TSANG CHING HWA ET AL) 
21 December 1999 (1999-12-21) 
column 1, line 24 -column 2, line 63 



1-15, 
37-40 



1-5, 
20-25 



16-18 



( 



PCT/iSA/210 (continuation of second sheet) (Juty 



1992) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

Information on patent family members 



Irttaatl 



tonal Application No 

/JP 02/04062 



Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 


DE 19848776 A 


29-04-1999 


jp 


2962415 


B2 


12-m-lQQO 1 

1C XU 1777 




jp 


11191647 


A 


X *J U / 1777 




DE 


19848776 


Al 


79-0d-1QQQ 

c-7 U4 1777 




JP 


3048571 


B2 


or— nfi— ?nnn 




JP 


2000031560 


A 


?a-oi-?ooo 




JP 


3057083 


B2 


?6— ok-?ooo 




JP 


2000031561 


A 


?8— oi — ?ooo 




JP 


3071781 


B2 


-o7-?ooo 

OX U/ luuU 




JP 


2000031562 


A 


PA— oi — ?ooo 

CO Ul £UUU 




JP 


3048572 


B2 


OR— Ofi-?O0O 




JP 


2000031563 


A 


?a— oi — ?ono 




JP 


3274440 


B2 


1 R— OA— 900? 

13 UH c,\J\JC 




JP 


2000124523 


A 


?ft— 04— ?ono 




JP 


3274449 


B2 


1R-04-P00? 

X«r Ut CUUL 




JP 


2000216456 


A 


04-08-2000 




JP 


3255901 


B2 


12-02-2002 




JP 


2000311814 


A 


07-11-2000 




US 


6387548 


Bl 


14-05-2002 1 



EP 0717422 A 19-06-1996 



DE 


69522304 Dl 


27-09-2001 


DE 


69522304 T2 


25-04-2002 


EP 


0717422 Al 


19-06-1996 


JP 


9237716 A 


09-09-1997 


JP 


2672802 B2 


05-11-1997 


JP 


9148132 A 


06-06-1997 


KR 


232667 Bl 


01-12-1999 


US 


6057049 A 


02-05-2000 



EP 0871231 A 14-10-1998 JP 3198265 B2 13-08-2001 

JP 10284768 A 23-10-1998 
EP 0871231 A2 14-10-1998 



EP 0674327 A 27-09-1995 JP 2785678 B2 13-08-1998 

JP 7262529 A 13-10-1995 

DE 69502865 Dl 16-07-1998 

DE 69502865 T2 18-03-1999 

EP 0674327 Al 27-09-1995 

US 5849422 A 15-12-1998 



JP 10060607 A 


03-03- 


-1998 


JP 


3159936 B2 


23-04-2001 








CA 


2040741 Al 


25-10-1991 








DE 


69126367 Dl 


10-07-1997 








EP 


0455113 A2 


06-11-1991 








JP 


2857257 B2 


17-02-1999 








JP 


5093249 A 


16-04-1993 








JP 


3215068 B2 


02-10-2001 








JP 


10060608 A 


03-03-1998 








KR 


9707510 Bl 


09-05-1997 








US 


5449419 A 


12-09-1995 








US 


5741373 A 


21-04-1998 


US 6005753 A 


21-12- 


•1999 


CN 


1237755 A 


08-12-1999 








JP 


3177229 B2 


18-06-2001 








JP 


11353621 A 


24-12-1999 








SG 


82614 Al 


21-08-2001 



Pout. PCT/lSA/210 (patent family annex) (July 1992) 



THIS PA6E BLANK mm) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 



□'FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




THIS PAGt bLrtniK 



(USFTO) 



